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TiO2-based nanotechnology has led to the production of cutting-edge 
nanomaterials in applications such as catalysis, photonics and electronics. 
Specifically, the development of novel oxidation processes known as Advanced 
Oxidation Processes (AOP) is increasingly gauging the interest of the industrial 
community. Photocatalytic processes promoted by the electron/hole separation 
upon UV-vis radiation and consequently the production of highly oxidizing species 
represent nowadays an efficient strategy to replace traditional chemical oxidation 
processes.  
Among the materials investigated for novel applications, titanium dioxide has 
emerged as an ideal candidate for its large availability, undemanding and 
straightforward manufacturing, and interesting properties such as high UV-light 
absorption. As a band-gap semi conductor, titanium dioxide can generate electron-
hole pairs upon light radiation, however band-gap engineering is required to 
increase the light absorption and enable the use of sun-light as a source for 
photoelectrons. Pathways to dope TiO2 and consequently induce the visible light 
sensitization have been explored, nonetheless these often lead to expensive and 
challenging post-treatment modification. Furthermore, photocatalytic processes are 
governed by the morphology of the active catalytic sites, the surface area provided 
for the reactions and by the charge transfer processes at the catalytic interface. The 
catalytic reactions can be favoured by promoting the presence of photoactive 
chemical species at the catalytic interface while preventing the formation of charge 
recombination centres. Among the different titanium dioxide nanomaterials 
synthesized to date, titanium dioxide nanotubes represent an ideal candidate in 
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heterogeneous catalysis because of the well-defined surface morphology and high 
specific surface area straightforwardly achievable by the electrochemical 
anodization process. Nanotubular arrays with well-defined 1-D structure can 
provide fast electron transfer rate along their surface and promote the separation of 
charge carriers during photoinduced processes. Doped-titanium dioxide nanotubes 
can be fabricated via post-treatment modifications, conventional pathways however 
may damage the microstructure of titanium dioxide and the well-defined surface 
morphology.  
This study aims at controlling the catalytic surface of doped-titanium dioxide 
nanotube catalysts via a simple, flexible synthesis strategy, leading to the 
optimisation of the main morphological and chemical parameters that govern the 
light sensitization and the catalytic reactions at the titanium dioxide interfaces. This 
works investigates the possibility of fabricating titanium alloys with specific 
chemical composition and morphology, allowing for fine control over the final 
nanotube surface, doping concentration and light absorbance upon electrochemical 
anodization. The fabrication of heterogeneous catalytic junctions over the surface 
of titanium dioxide nanotubes with controlled morphology and enhanced visible 
light response is explored. The performance of the novel titanium dioxide-based 
nanocatalysts are critically discussed and correlated to optimised morphological, 
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Chapter 1. Introduction 
The remediation of agricultural effluents containing harmful aromatic organic 
compounds such as pesticides represents a key issue to reduce the environmental 
impact of food processing and animal husbandry activities [1, 2]. Although 
pesticides play a key factor in agriculture to improve the productivity of soils and 
crops, their persistent use causes the contamination of soils, water and air [3]. 
Persistent organic compounds and chemicals are found in wastewater, representing 
a potential threat to ecosystems and humans due to the bioaccumulation or the direct 
exposure to contaminated water [4]. The remediation of these compounds must be 
addressed to meet the increasing tight requirements in terms of water quality and 
water re-usage summoned by the governments [5, 6]. 
The treatment and degradation of pesticides is carried out on an off-site plant 
unit and performed via physical treatments, such as absorption, precipitation, 
flocculation [7, 8], chemical oxidation [9], bio-remediation [10, 11], or membrane 
separation [8, 12]. However, physical treatments are usually inefficient on 
persistent pesticides [8, 13], while a partial oxidation may potentially generate 
harmful by-products in the presence of halogenated reaction intermediaries [14, 
15]. Furthermore, bio remediation processes are often slow, potentially requiring 
days for a complete degradation [16], they are often not efficient in the treatment 
of aromatic or chlorinated pesticides [17], and require a fine control over the 
microbial communities [18, 19]. Membrane technologies can provide a convenient 
strategy to quickly reduce the concentration of pesticides in wastewater [20, 21]. 
Nonetheless, the pesticides are usually cumulated in sludges that would require 
further treatment and the performance of membranes can be rapidly deteriorated by 
the fouling phenomenon [22, 23]. 
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The development of strategies for an efficient in-situ degradation would 
improve the efficiency of the whole water remediation cycle while providing a cost-
saving and more sustainable separation process. High performant in situ treatment 
units for the complete degradation of persistent organic compounds would be 
particularly significant towards a wise use of the resources especially for area 
affected by frequent water shortages [24, 25]. 
Photocatalytic processes promoted by the electron/hole separation upon UV-vis 
radiation and in-situ generation of oxidizing agents are classified as Advanced 
Oxidation Processes (AOPs) and represent nowadays an efficient strategy to replace 
traditional chemical oxidation processes [26, 27]. The main advantage provided by 
AOPs consist of the possibility of achieving the complete degradation of organic 
pollutants without producing harmful intermediates [28], or transferring the 
pollutants to another phase [29]. 
Among the potential nanomaterials applied in AOPs processes, photocatalysis 
on metal semi-conductors has gained increased momentum and different metal 
oxides, such as TiO2, ZnO, WO3, NiO have been successfully applied in AOPs [27, 
30-32]. 
TiO2 has been captivating the attention of scientists due to its large availability, 
undemanding and straightforward manufacture, and mechanical and chemical 
properties such as high thermal and chemical stability, low corrosion rate and high 
UV-light absorption [33, 34]. TiO2 nanomaterials have been applied on a wide 
range of applications, such as bio-composite materials for biomedical use [35, 36], 
photo-catalysis [37-40], photovoltaic cells [41-43], sensing [44-46], and water 
photo-electrolysis [47, 48]. As a band-gap semi-conductor, titanium dioxide is the 
ideal material to generate electron-hole pairs to be applied in photovoltaic and 
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photocatalytic technologies. Nonetheless, the complete degradation of persistent 
organic pollutants (POPs) on TiO2 nanomaterials poses more fundamental research 
challenges [49]. Three main aspects, such as the band-gap engineering, the 
synthesis of catalytic surfaces and the control of the heterogeneous interface on the 
catalyst require optimisation in order to improve the performances [50]. Band-gap 
engineering on semiconductors is needed to increase the photon-harvesting ability 
of the material in photocatalytic applications [51, 52]. The synthesis of catalytic 
surfaces presenting a controlled distribution of active sites can promote the 
adsorption of reactive species and the efficient separation of charge carriers in redox 
reactions [34, 53]. The catalytic interface plays a critical role on the control of the 
charge transfer within heterogeneous phases and reduce the electron-hole 
recombination [54, 55]. 
The main TiO2 crystalline phases applied in industrial applications, such as 
anatase and rutile, possess a wide band-gap of 3.2 and 3 eV respectively [56]. 
Crystalline TiO2 therefore requires a high-energetic irradiation source, such as UV 
light, to generate photoelectrons and start the photocatalytic processes [57, 58]. As 
a consequence, solar light, presenting only 5% of UV radiation, cannot be exploited 
as a source of activation for crystalline TiO2 [58-60]. Furthermore, the separation 
of charge carriers generated on the catalyst active sites is essential to maintain a 
high electron transfer and sustain the redox reaction on the catalytic active sites 
[61]. 
Different strategies have been carried out to improve the catalytic efficiency 
of pure TiO2. Typically, TiO2 nanotubes represent an ideal candidate as a catalytic 
substrate given the high specific surface provided by the unique, well-defined 1-D 
[62]. The morphology of TiO2 nanotubes includes well-defined vertical alignment 
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of nanotubular arrays that can sustain fast electron transfer rate while reducing 
charge recombination effect [63], therefore prolonging the charge carrier life and 
improving the photocatalytic processes [63, 64]. However applications in catalysis 
are hindered by the UV light activation of the bang-gap [65, 66]. In this regard, 
doping of TiO2 nanostructures can be carried out by introducing a foreign metal or 
non-metal into the TiO2 matrix, resulting in a shift of light absorption towards the 
visible light spectra [66, 67]. TiO2 nanotube doping is conventionally carried out 
by post-synthesis treatments such as plasma treatment, ion implantation or thermal 
annealing in specific atmospheres, such as nitridation. The introduction of a doping 
agent may however damage the well-defined 1-D structure, as shrinkage, partial 
sintering of the nanotube array or loss in crystallinity may occur [68, 69].  
This study aims at investigating and fabricating novel Ti-alloy nanotubes for 
Advanced Oxidation Processes with controlled morphology, surface chemistry and 
doping concentration, in order to optimise the heterogeneous catalytic interface and 
promote the efficient transfer of photoelectrons generated on a narrowed bang-gap.  
 
The thesis is divided in 8 chapters as outlined below: 
 
Chapter 2. Literature Review 
Chapter two gives a critical review of porous titanium dioxide fabrication 
pathways, doping strategies towards the band-gap narrowing and morphological 
and microstructural factors that can influence the photocatalytic efficiency of TiO2 
nanomaterials. The key research gaps to be addressed will be identified and research 




Chapter 3. Materials and Methods  
This chapter presents the materials used for this project as well as the 
characterization techniques that will constitute the core of the material 
characterization. This chapter will also detail the experimental set up for the 
synthesis of nanoporous TiO2 and catalytic testing. 
 
Chapter 4. Fabrication of photocatalytic TiO2-Ta nanoporous substrates 
In this chapter, the fabrication of titanium-tantalum alloys and the 
subsequent anodization to form nano-porous substrates is investigated. The Ti-Ta 
alloys were prepared by PVD AC/DC sputtering conducted at the Melbourne Center 
for Nanofabrication in Clayton. A series of different Ta concentration into the alloy 
was created by varying the applied power on the Ta target. The electrochemical 
anodization was carried out on the substrates to assess the feasibility of this 
approach on the as-fabricated alloy to induce a nanotubular structure across the 
surface. The surface morphology, chemical composition and optical properties were 
investigated. Finally, the catalytic activity of the as-prepared substrates was tested 
for the degradation of methylene blue as a test molecule under the application of 
different light sources. 
 
Chapter 5. Fabrication of photocatalytic TiO2-N nanoporous substrates 
In this chapter, the fabrication of titanium-titanium nitride alloys was 
investigated as an alternative route to the metal doping of TiO2 presented in Chapter 
4. A series Ti-TiN alloys was synthetised with different chemical and 
microstructural properties. Upon electrochemical anodization, the correlation 
between the morphology of TiO2-N substrates in terms of porosity and nanotubular 
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architecture and the characteristics of the Ti-TiN as sputtered alloys was 
investigated. The role of N doping concentration and of the different N chemical 
species presented in the nanoporous TiO2-N substrates was deeply investigated and 
associated with the visible light sensitization and the catalytic performance on the 
degradation of methylene blue. 
 
Chapter 6. Fabrication of photocatalytic TiO2-Pd junctions by Atomic 
Layer Deposition 
This chapter presents an alternative route to introduce a level of doping into 
the surface of anodized TiO2. The surface of TiO2 nanotubes is decorated by 
palladium nanoparticles, synthetised via Atomic Layer Deposition (ALD). This 
work results from the visit to the European Institute for Membrane in Montpellier 
(IEMM), France. Pd nanoparticles and thin film of different size and thicknesses 
were deposited in order to fabricate heterogeneous noble metal-semiconductor 
junctions. The catalytic interface on the Pd-TiO2 junction was controlled via ALD 
and characterised in terms of morphological and chemical properties. The visible 
light sensitization was investigated for each catalytic junction and assigned to the 
Surface Plasmon Resonance phenomenon. The catalytic performance of the 
different Pd-TiO2 catalytic junctions was evaluated on the degradation of methylene 
blue and 2,4 D as benchmark organic pollutant and pesticide, respectively. 
 
Chapter 7. Critical evaluation of materials and performance  
This chapter presents a critical review of the visible light sensitization of 
doped-TiO2 resulting from the different doping strategy carried out in this PhD. The 
reduction of band-gap is compared to similar doping strategies from the literature 
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in order to assess the key morphological and chemical properties that can enhance 
further the visible light response. Furthermore, the degradation rate of methylene 
blue and 2,4 D for each photocatalytic doped-TiO2 substrate was evaluated and 
associated with the performance of doped TiO2 nanotubes reported in the literature. 
 
Chapter 8. General Conclusions 
Chapter eight summarizes the most significant outcomes from each chapter, 
presenting the limitations and challenges encountered and potential future work on 




Chapter 2. Literature Review 
2.1 Introduction 
This chapter reviews recent advanced oxidative water treatments based on the 
synthesis and modification of nano-porous and nano-textured titanium dioxide 
materials. Photocatalytic processes promoted by the electron/hole separation upon 
UV-vis radiation and in-situ generation of oxidizing agents are known as Advanced 
Oxidation Processes (AOP), and it conceptually represents an efficient strategy to 
replace traditional chemical oxidation processes. This review chapter will cover the 
synthesis routes to fabricate nano-porous titanium dioxide in different forms and 
shapes and propose a critical analysis of their strengths and weaknesses as efficient 
catalytic materials. Finally, strategies to improve the optical and electronic 
properties, including titanium dioxide doping and surface modification, will be 
discussed. The impact of the doping concentration and on the surface chemistry 
induced by the introduction of a doping agent will be investigated, with particular 
attention to nitrogen as it represents the main non-metal doping element for titanium 
dioxide. Each section will then address the properties responsible for the material’s 
morphology and microstructure and eventually highlight the potential of specific 





2.2 Titanium dioxide synthesis routes and subsequent properties 
Among all the possible applications, titanium dioxide has been mostly used as 
a reinforcement agent due to its mechanical strength, thermal stability, chemical 
inertness even in aqueous environments, and ability to combine with other ceramic 
or metal materials to form ceramic and organic composite materials [70, 71]. The 
unique bio-compatibility of titanium dioxide, according to the high stability of the 
oxide surface in biological environments, has also drawn attention towards its 
incorporation in bio-composite materials for medical implants based on polymers 
[72]. 
Nanoscale titanium dioxide is now one of the most widely used nano materials, 
not only for applications involving its n-type semiconductor nature such as 
photovoltaics and photocatalysis, but also because for its long electron life time, 
suitable for long period of photo-catalytic activity requirements, corrosion stability 
and low cost [33]. Titanium dioxide can be produced in several forms such as 
porous layers, nano-particles, sheets or fibres and nanotubes (TNTs) [33]. 
Depending on the specific application, titanium dioxide’s performance are 
influenced by its nanoscale properties stemming from its morphology and the 
microstructure [73]. As size, shape and crystal structure vary, properties such as 
surface area, crystallite size, porosity and electric charge transfer change 
consequently, therefore requiring the choice of a suitable fabrication route in a 
bottom-up or top-down approach to optimise them accordingly [74]. The control of 
titanium dioxide phase structures and phase transitions have been investigated since 
physical and chemical properties, such as photocatalytic activity, may vary in 
accordance with the crystalline structure [75-77].  
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Titanium dioxide can be found in four different forms, each having a different 
lattice structure. Anatase and rutile present tetragonal arrangement, while brookite 
is orthorhombic and titanium dioxide (B) is monoclinic [78]. The two most studied 
forms are rutile and anatase, both consisting of titanium dioxide octahedral crystal 
structures, as the others forms of titanium dioxide are unstable and require specific 
synthesis routes [79]. The disposition of the rutile and anatase octahedral structures 
differs and results in variations to their electronic properties, with anatase being the 
stronger photocatalytic material. In rutile, the octahedral lattice structure shares 
corners with eight neighbours and edges with two other neighbours, while in 
anatase each octahedron lattice shares corners with four other octahedral lattices 
and edges with another four, forming a zig-zag chain while rutile has linear chains 
[80]. Furthermore, rutile is the most stable phase at every temperature and at 
pressures below 60 kPa, while anatase is more stable at particle sizes less than 11 
nm [81]. Considering these characteristics, the crystallinity of the titanium dioxide 
must be carefully controlled and the transition within the two phases encouraged or 
blocked depending on the desired properties. 
This paragraph introduces the main synthesis strategies to fabricate TiO2-based 
materials, including top-down and bottom-up approaches. The synthesis pathways 
are then correlated to the morphology and microstructure of the as-fabricated 
materials, which affect the photo-electronic properties of the semiconductor. 
Finally, the application of TiO2 in photo-induced processes is reviewed and the 
technological solutions applied in Advanced Oxidation Processes critically 




2.2.1 Nanoporous titanium dioxide fabrication routes  
Titanium dioxide can be prepared into different forms and shapes. Powders, 
rods, wires and films usually require a bottom up approach, which involves 
chemical reactions in liquid or gaseous media [82]. The advantages of these 
synthesis routes are related to the good stoichiometric control of reactants and the 
possibility of creating coatings of different shapes and morphological 
characteristics such as porosity, pore size and pore density [83, 84]. However, 
synthesis in solution typically requires expensive precursors, long treatment times 
and may retain impurities such as polymeric precursors [78]. Gas phase pathways, 
however, have been successfully applied to thin film deposition and coatings, and 
do not necessarily involve chemical reactions between precursors, as in the case of 
Sputtering (SP) [85]. The techniques presented offer alternatives for synthetizing 
titanium dioxide with different morphological and microstructural characteristics, 
as in almost each case properties such as surface area, pore size, crystallite size and 
crystallinity are directly derived from the fabrication approach and operating 
parameters [86]. 
In this section, a comparison showcasing advantages and drawbacks of the 
various synthesis strategies will be presented, as well as insights into the 
morphological characteristics of nanoporous titanium dioxide achievable by the 
most studied synthesis routes. The role of the crystallinity, surface area, porosity 
and pore size distribution will be evaluated focusing on suitability for filtration 
systems. Lastly, a correlation between surface area, crystallite size distribution and 





2.2.1.1 Sol-Gel deposition 
The sol-gel process is usually applied to ceramics to deposit films of particles. 
This method involves the formation of a sol by the hydrolysis and polymerization 
of precursors. The sol is then turned into a solid gel phase by complete 
polymerization and loss of solvent by heat treatment and drying [87, 88]. 
The usual sol-gel synthesis routes for porous titanium processing can be divided 
into two main categories depending on the type of precursor used, non-alkoxide or 
alkoxide respectively [89, 90]. Non-alkoxide precursors as nitrates and chlorides 
have been investigated because of their low cost when compared to the alkoxides, 
however the removal of the halides from the final product has to be tackled and 
therefore the alkoxide route remains the most widely studied [91]. The key to 
efficiently control the reaction and to obtaining desirable results, is in the separation 
between the hydrolysis step and the condensation process [92]. In order to better 
separate the two steps, acid-base catalysis is usually included and complexation 
agents, consisting of carboxylates, may be required. Subsequently, these reactions 
must be followed by a thermal treatment, such as calcination, to eliminate the 
organic impurities and control the microstructure in terms of crystallinity and 
crystallite size of the final product [93]. 
Sol-gel synthesis has been successfully applied to obtain a wide range of 
titanium dioxide materials, such as powders, nanorods, nanowires or films, as 
shown in Figure 2.1.A. The main advantage is that the process can be tuned by 
control of the stoichiometry and the reaction conditions, enabling high flexibility, 
purity, homogeneity and the possibility of coating different substrates [78]. 
Although the pore size can be controlled by the addition of surfactants acting as 
templates [94] to obtain a specific narrow pore size of a few nm in the range of 5-
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10 nm [95, 96], the specific surface area remains a critical drawback as it is more 
than halved upon calcination [95]. After thermal treatment at 500 °C, a partial 
coalescence of crystallites from 12 to 16 nm and an increase in pore size from 14 
to 23 nm [97] has been registered for a porous TiO2 layer deposited onto a pre-
formed alumina membrane. The application across processes requiring high 
specific surface area, such as heterogeneous photo-catalysis, is therefore hindered 
by the potential loss of active sites on the surface where the photocatalytic reaction 
takes place. In membrane filtration, the pore size is critical to optimise selectivity 
and permeability, therefore a lack of control over this parameter can generate 
undesirable loss in selectivity [98, 99] and alter the membrane performance. 
 
2.2.1.2 Hydrothermal and solvothermal synthesis 
Hydrothermal and solvothermal synthesis includes fabrication routes whereby 
chemical reactions in aqueous or organic media induce the deposition of titanium 
dioxide under self-produced pressures at low temperatures (below 250°C) and 
controlled pressures.  
The specific surface area can be dramatically altered by a slight increase in 
temperature from 200°C to 240°C, or variation of the precursor concentration or 
the water content, generating a steep drop from 190 to 10 m2/g. The loss in surface 
area has been correlated to the coalescence of nanoparticles (NPs) into larger 
clusters, from 10-14 nm to 180 nm [100, 101]. The treatment duration can 
significantly impact the morphologies and a decrease in surface area up to 30%, 
from 260 to 192 m2/g was obtained upon increasing the treatment duration from 1 
h to 5 h [102]. Longer treatment durations also produce a slight loss in porosity, 
from 62% to 57% along with an increase in pore size and crystallite size as shown 
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by increasing the treatment temperature from 100°C to 200°C at fixed conditions 
[102]. This result is due to the rearrangement of the structure with the coalescence 
of smaller particles and the phase transition from amorphous to anatase. The pore 
size is usually distributed as bi-modal as demonstrated in previous studies [103] due 
to the primary particle agglomeration upon heat treatment generated by the 
crystalline change. The smaller pores are usually distributed in the range of 4-8 nm 
while larger pores of 40 nm are also formed upon heat treatment [102]. The porosity 
can also be controlled by tuning the form of the deposited particles, as titanium 
dioxide can be produced as nano-particles, represented in Figure 2.1.B, nanorods, 
nanowires and nanotubes [102, 104, 105]. Particle size or pore size distributions 
and preferential facets can be varied by replacing the aqueous media with an organic 
media, and by adding surfactants [106]. In case of solvothermal synthesis, narrower 
distributions of pore size in the range of 5-6 nm are observed in organic solvents as 
ethanol, although the distribution remains bi-modal [107]. The use of different 
organic solvents, such as acetone and methyl ethyl ketone, can lead to a significant 
variation of pore size from 5.5 to 18.2 nm at fixed conditions for the deposition of 
nanotubes, respectively, while the crystallite of NPs can be reduced to 10 nm with 
specific surface area up to 200 m2/g [108]. 
The hydrothermal method typically requires a final heat treatment to obtain the 
desired morphology upon the deposition of thin films, therefore potentially 
generating partial aggregation and bigger pores other than the original small size. 
Furthermore, these processes are typically time-consuming since the optimisation 
of microstructural parameters is due to slower reaction rates, requiring even 24 h of 





Electrodeposition is bottom-up approach used to form nano-textured titanium 
dioxide materials by reducing a titanium dioxide precursor across a porous 
substrate, with the substrate acting as both a template and a cathode. The deposition 
requires control of process parameters such as pH, temperature, applied voltage and 
current density, as well as the concentration of Ti precursors [78, 110]. The 
dependence of the crystallite size on the concentration of Ti precursor has been 
reported, with lower crystallite detected at lower temperature [111]. This method 
can be used to fabricate titanium dioxide nanowires of specific pore distributions 
within a substrate, provided by the alumina template, which in the case of anodized 
alumina nanotubes, can be reduced to 5 nm [112]. The fabrication of nanowires 
across 50-nm diameter pore size alumina templates, shown in Figure 2.1.C, led to 
the formation of pure anatase phase exhibiting a crystallite size distribution around 
7 nm after annealing [113]. Nonetheless, the interface within the template and the 
deposited metal can represent a limitation, requiring a surface modification strategy 
for the substrate and its removal upon electrodeposition. Furthermore, a thermal 
post treatment must be conducted either to remove the template and/or to obtain the 
desired crystallinity. The significant advantage of this technique over the other 
fabrication routes is that it does not include any organic ligand, stabilizer or 
complexing agent, thereby resulting in a purer product with a specific crystalline 
phase [112]. 
 
2.2.1.4 Chemical Vapour Deposition 
Chemical Vapour Deposition (CVD) represents a versatile fabrication route to 
deposit or coat substrates of different shapes and size with high-purity titanium 
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dioxide [114]. In a common synthesis, a titanium dioxide precursor is vaporised 
into a vacuum chamber where the targeted substrate is placed [115]. The process 
then involves homogeneous reactions between precursors which take place in the 
gas phase, followed by subsequent heterogeneous reactions that generate titanium 
dioxide film across the targeted substrate [116]. The process can be finely 
controlled to coat different materials and often yields strong adhesion between the 
deposited titanium dioxide and the substrate as shown in Figure 2.1.D, while 
morphological parameters of the film can be controlled through by selection of the 
operating conditions during synthesis. The high versatility of this technique lies in 
the possibility of further improving the system in terms of reducing the temperature 
and pressure requirements as well as preferentially control either the homogeneous 
reactions or the heterogeneous one, resulting in powder deposit or film growth, 
respectively. The importance of temperature was investigated in depth, showing 
that grain size in the film is strongly dependant on this parameter. In particular, 
raising the chamber temperature results in bigger crystallites, as they increased from 
48 to 133 nm while the particle created during the homogeneous reaction increased 
from 8 to 20 nm [117]. Interestingly, anatase was stable up to 900 °C when normally 
during sintering the titanium oxide would turn into rutile, and higher temperature 
generated a porous structure since the film consisted of NPs [116]. The use of an 
organometallic precursor may also allow for milder chamber conditions (MO-
CVD) and a decrease of the temperature to as low as 220°C, while pure anatase 
would be formed at 600 °C heated substrate. Increasing the O2 flow rate led to a 
reduction of the particle size, from 23 nm to 12 nm with an increase in specific 
surface area from 65 to 125 m2/g [118]. The precursors can also be introduced in a 
plasma state, to enhance the reaction rate (PA-CVD) or alter the geometry of the 
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deposition when coupled with spray or electrospray systems (SA-CVD or EA-
CVD).  
The possibility of controlling film growth and particle deposition makes this 
technique particularly interesting to tune the transition from a dense to a porous 
layer. The high surface area achievable as well as low defect production [119] 
represent attracting outcomes for further development of this technique, although 
the porous structure is usually determined by the substrate on which it is deposited 
[119, 120]. 
 
2.2.1.5 Atomic Layer Deposition (ALD) 
ALD is a novel technique to control film thickness deposition rates and achieved 
highly uniform surfaces and coatings. It also allows for the in-situ design of 
nanostructures, at low growth temperatures [121, 122]. The deposition of titanium 
dioxide upon ALD has been investigated starting from TiCl4 as a convenient 
precursor [123]. However, the corrosive nature of this chemical and the HCl 
produced as a by-product represent undesirable problems. Different Ti precursors 
have been studied including organometallic compounds, which provides a solution 
that avoids these problems. Amide-based or Ti alkoxides are used, such as titanium 
tetraisopropoxide (TTIP) [124, 125]. The decomposition of the Ti precursor is 
essential to control the crystallinity of the deposited layer [126]. With TiCl4 as 
precursor, the deposited film was found to be amorphous below 150°C, while above 
200°C complete crystallization into anatase was observed. Anatase remained the 
crystalline form until 300°C, when it started to turn into rutile [123]. In the case of 
TTIP, the deposition of anatase was optimised by varying the temperature during 
the nucleation and the growth processes, from 60 to 220 °C, while a non-uniform 
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anatase film was deposited when the T was fixed at 220 °C [127]. Nonetheless, the 
use of an amino-Ti precursor with narrow temperature decomposition window, as 
well as ozone instead of water was found to introduce high purity anatase crystals 
at 250 °C  while rutile was formed above 350 °C and pure rutile observed at 350 °C 
[128]. Temperature also has a significant role in supporting either the growth or the 
nucleation of anatase crystals: crystallite growth was found to be favoured at low T 
such as 200 °C with crystallite size of 65 nm, while increasing T up to 300°C 
resulted in faster nucleation and smaller crystals with nominal size of 45 nm [129]. 
The flexibility of this technique relies on the possibility of coating substrates of 
different shapes or use sacrificial supports to obtain titanium dioxide with high 
specific surface area for photocatalytic application. Anodized alumina nanotubes 
can be coated with titanium dioxide as in Figure 2.1.E by using ALD process [130]. 
Other suitable substrates are glass [131], carbon nanotubes [132] or sponge 
structured commercial substrates to act as a template [133]. The variety of potential 
templates that can be introduced paves the way for highly tuneable surface and bulk 
properties such as porosity, pore size distribution and specific surface area while a 
narrow decomposition temperature of the precursor is responsible for film 
uniformity and crystalline phase. 
 
2.2.1.6 Sputtering 
Sputtering is a technique often used to deposit thin films or coatings on a 
substrate or a template, by applying an electric field. Depending on the drive-force, 
the sputtering is usually divided into Direct Current (DC) or Radio Frequency (RF). 
However, while RF sputtering can be adapted to every target, the DC method works 
only on electrically conductive materials [134]. RF sputtering is usually supported 
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by a magnetron so that the plasma atmosphere, which evaporates the native target 
and guides the deposition onto the substrate, can be confined close to the surface 
[135]. The morphology of the titanium dioxide phase was found to correlated with 
the sputtering conditions and the plasma atmosphere, consequently the technique 
allows good control over these parameters [136]. The crystallinity of the deposited 
layer can be affected by various factors, such as the bias applied, the nature of the 
gas carrier, and the partial O2 pressure [137]. A significant increase in rutile content 
was found when the voltage was increased from 10 V, with pure anatase present, 
up to 80 V when the crystalline transition is completed. At fixed pressure, the 
content of rutile is in linearly dependent on the voltage and almost 50% anatase is 
converted into rutile at 30 V [138]. This variation of crystalline phase with voltage 
was also found to be related to the total sputtering pressure (pT). At higher pT, the 
transition becomes less favourable as shown by only 10% of titanium oxide being 
in the rutile phase at 30 V [138]. Studies have confirmed that the crystal structure 
of such films is strongly affected by the kinetic energy of particles bombarding the 
substrate, which therefore opens the route of tuning the crystal lattice of the surface 
grains [138, 139]. The increase in O2 partial pressure, pO2,was also found to lead to 
a transition from amorphous, at 0.075 Pa to rutile and finally anatase at 0.2 Pa, with 
fixed pT and substrate T at 160 °C [140]. Interestingly, similar results were obtained 
in another study [141] where pure anatase crystals were observed at high pO2 with 
fixed pt. Furthermore, it was confirmed that lower deposition rates lead 
preferentially to anatase phase, while at higher rates rutile starts appearing. At 
deposition rates, such as 9 nm min-1 only anatase is deposited while at 50 nm min-1 
pure rutile is obtained [141]. 
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The outcomes presented showcase two advantages of this technique, as high 
deposition rate and high purity can be obtained by controlling the process 
conditions. The deposition of a pure titanium dioxide phase is also desirable since 
it generates lower Ra, as 6 nm for pure rutile or 8 nm for pure anatase, while in 
presence of a mixture it is increased by a factor of 3 [140]. However, the very low 
porosity of the as-deposited film undermines direct application as a porous 
substrate, although the possibility of tilting the support during the process enables 
the fabrication of porous layers with a porosity up to 25% and 33% for tilt angles 
of 30˚ and 70˚ respectively [142]. The high deposition rate and high purity can, 
however, be significant to the deposition of thin films for a further chemical or 
electrochemical morphological modification [143] or to deposit a high purity 
titanium dioxide layer over a porous template as anodic alumina [144] shown in 
Figure 2.1.F.  
 
2.2.1.7 Direct Oxidation  
Direct oxidation of titanium foils represents a top-down approach to produce 
nano-sized titanium dioxide materials. The synthesis takes place under controlled 
solutions where the oxidizing agent is typically represented either by oxygen 
peroxide or acetone [145]. The process can take place at T as low as 80 °C in the 
presence of H2O2 [146], while high T of 850 °C is required when acetone is used. 
The use of acetone, however, was found to be beneficial to the deposition of well-
aligned titanium dioxide nanorod arrays as shown in Figure 2.1.G, while the use of 
a gas feed such as Ar/O2 or pure O2 gas led to polycrystalline films and oriented-
grown nanofibers, respectively [147]. The nanorods formed pure rutile phase and 
the crystallite size was time-dependant with an increase in crystallite size over the 
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treatment time. Nonetheless, the long exposure to the oxidizing solution in the case 
of H2O2, up to 72 h, as well as the high process temperature required for acetone, 
do not make this strategy attractive in terms of energy required. Furthermore the 
lack of control over the deposition rate, particle shape and crystallinity represent a 
significant drawback when compared to other deposition techniques such as sol-gel 
or hydrothermal processes [147]. However, to date, very limited details about the 
morphology of the pores and the surface area have been provided, limiting the 




The electrochemical anodization method is regarded as one of the relatively 
simple techniques to synthesize titanium dioxide nanotubes with large surface area, 
narrow pore size distribution and thickness of a few dozens of nm to several 
hundred of μm (Figure 2.1.H) [148]. The one-dimensional and highly ordered 
nanotube architecture offers an excellent electrical channel for charge transfer 
resulting in an effective separation of electron-hole pairs with enhanced photo-
electrochemical performance [149]. A significant advantage of this synthesis route 
is the precise control over the morphological parameters that can be obtained by 
controlling the process conditions [150]. The impact of synthesis parameters such 
as applied voltage, electrolyte composition, solvent, duration time, and temperature 
have been deeply described, although some key aspects such as the growth 
mechanism and the lack of crystallization are still being debated [151, 152]. The 
possibility of creating isoporous arrays of nanotubes with straight pores in the range 
of 12 to 350 nm represents an interesting advantage in many applications [153]. For 
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instance membrane filtration, where control over the pore size and pore size 
distribution is critical to optimise membrane selectivity and permeability [99]. 
 
2.2.1.9 Comparison of fabrication routes towards nanoporous titanium dioxide 
The techniques presented reveal that the microstructural and morphological 
parameters can be tuned to generate nano-porous titanium dioxide materials with 
pore size and surface area ranging between 4 and 300 nm [96], and 8 m2/g to over 
1000 m2/g [154], respectively. To form high purity titanium dioxide, CVD or ALD 
may not be recommended because of the contamination with halogenated 
precursors, while on the other hand electrodeposition or sputtering offer extremely 
viable solutions with purities above 99.9 %. The high specific surface area is a 
critical parameter for heterogeneous applications of titanium dioxide [155]. The 
porosity as well as the distribution of the pores, may be tuned in the range of 4 to 5 
nm in sol-gel routes up to hundreds of nm in anodization. Table 1 summarises the 




Table 2.1 Comparison of different titanium dioxide nano-porous synthesis routes [156] 
Technique Morphological properties Drawbacks 
Sol-Gel Narrow pore size, 5-20 nm 
Surface area up to 100 – 150 m2/g 
Possible introduction of foreign dopants 
Introduction of organic impurities 
Loss of surface area upon thermal treatment to tune crystallinity 
Hydrotherm
al 
Deposition of titanium dioxide on different 
forms and shapes 
Requires autoclave and heat source 
Bi-modal distribution of pores 
Electrodepo
sition 
Use of templates, therefore assuming its 
characteristics, High purity 
Uniform films but lack of porosity 
CVD Deposition of thin layers with good adhesion 
Tuneable morphology 
Requires high T and UHV along with a reactor 
Fine optimisation of kinetics and mass transport 
ALD Deposition on templates or sacrificial substrates 
Deposition on substrates of different shape and 
form 
Presence of contaminants and requires fine control over treatment 
conditions. Choice of the precursor, study of the reaction kinetics 
and mechanism 
Sputtering Uniform film with good adhesion, high purity 
Only T and pT control required  
Slow rates required to preferentially deposit anatase 





High T up to 850 °C or long treatment times up to 72 h 
Anodization Creating nanotubes with enhanced specific 
surface area > 1000 m2/g, self-ordered, Tube 
diameter controlled up to 10-20 nm, iso-porosity 
Anodized array can be easily detached from the substrate 




Figure 2.1. Titanium dioxide morphology formed by different synthesis strategies: 
(A), sol-gel [157], (B), hydrothermal synthesis [158], (C), electrodeposition [113], 
(D) CVD [159], (E), ALD [160], (F) Sputtering [144], (G) Direct Oxidation [147], 
(H) anodized titanium dioxide. (permission for reproduction granted) 
 
Depending on the specific application, different routes can be followed to 
obtain the most suitable combination of morphological parameters. In membrane 
ultrafiltration, the possibility of creating straight iso-porous channels provided by 
anodization is attractive to obtain high selectivity towards specific compounds 
while having low tortuosity within the tubes. The high specific surface area, 
furthermore, represents an attractive characteristic for chemical reactions mediated 
by this substrate, such as in heterogeneous photo-catalysis. The morphological 
properties of anodized titanium dioxide will be therefore presented, showcasing the 
key parameters to control the pore size and the tube length and the strategies to 
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overcome the limitations that emerge from the tube growth mechanism such as lack 
of crystallinity and low mechanical resistance.  
 
2.2.2 Titanium dioxide applied to photo-induced processes 
Light activation of titanium dioxide for implementation of photo-induced 
processes has been investigated since the early 1960’s. In 1972 [161], the use of 
titanium dioxide as a photo-anode in an electrochemical cell for water splitting was 
first reported. Although the improvement of photocatalytic water splitting and solar 
cell technology have been extensively studied with titanium dioxide substrates, the 
possibility of carrying out oxidative mineralization of organic pollutants was more 
recently investigated. In 1983, semiconductor-sensitized reactions [162], whereby 
a suspension of titanium dioxide was activated under UV light resulted in the 
complete mineralization of chloroform in aqueous solution.  
The early studies on the application of titanium dioxide in heterogeneous photo-
catalysis [163] promoted a new wave of research on both the selective 
mineralization of organic compounds to specifically target a component present in 
an effluent, or the unselective oxidation of organic molecules for water and air 
purification purposes [164, 165]. When activated under UV-light, titanium dioxide 
has been proven to be an efficient photocatalytic material to degrade a large variety 
of organic compounds, spanning from alkanes, carboxylic acids, aromatics, 
haloaromatics, pesticides and dyes [53]. Consequently, titanium dioxide has 
captivated the attention of scientists as a valuable candidate in heterogeneous 
photo-catalysis for the removal of contaminants in wastewater.  
The increasingly demanding standards related to water purity and to the 
remediation of industrial and agrochemical waste effluents require new and more 
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efficient strategies to meet discharge concentration thresholds [5]. The key factors 
for the realization of breakthrough remediation systems are the overall process 
efficiency, its environmental sustainability and the possibility of cutting costs and 
saving energy [8, 166]. Furthermore, it is highly desirable that the degradation 
could lead to the complete mineralization of the targeted compounds without 
generating harmful or more toxic intermediaries [167, 168]. In this section, the 
main remediation routes for organic compounds will be discussed and novel 
strategies for more efficient separation systems based on titanium dioxide will be 
reviewed. 
In this scenario, traditional treatment technologies, such as air stripping and 
chemical oxidation, are nowadays considered inefficient. Granular Activated 
Carbon (GAC) has been considered and used even though the adsorption energy, 
recyclability and selectivity of these materials are relatively limited [8]. Alternative 
biological treatments have also been studied and set up in several treatment plants, 
consisting of activated sludge processes or bio-reactors. However, drawbacks such 
as the slow reaction rate and the need for tight control over pH and temperature can 
limit it suitability for application, especially towards the most resilient organic 
compounds, such as most of the aromatics [17]. 
 
2.2.3 Titanium dioxide-based technologies 
Titanium dioxide has been implemented in water treatment systems since the 
development of heterogeneous photo-catalysis as an efficient route to replace 
traditional remediation processes [169]. The combination of nanotechnologies and 
photo-catalysis aiming at novel, sustainable and more efficient remediation 
processes. The promising results led to the development of a class of treatments 
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defined as AOP where the semi-conductor provides the reaction sites and the 
oxidative agents [26]. 
 
2.2.3.1 Advanced Oxidation Processes  
Advanced Oxidation Processes represent a class of treatments known to provide 
better performance in terms of pollutants degradation, if compared to the traditional 
techniques of coagulation/flocculation or adsorption on different adsorbents such 
as activated carbon and silica gel [170, 171]. The in-situ generation of active 
oxidative species such as OH., O2
.-, H2O2 allows for the complete mineralization of 
recalcitrant organic compounds which are hardly removed with traditional 
techniques [172, 173]. Consequently, the formation of intermediaries or by-
products is avoided or reduced whilst presenting advantages such as high reaction 
rates, lower energy consumption than thermal destruction processes such as 
incineration and the possibility of combining with other pre or post treatments [174, 
175]. Typically, AOP treatments are divided into homogeneous and heterogeneous 
pathways depending on the reaction phases, while the main oxidative agents are 
ozone, H2O2, UV light, Fenton reactants and photocatalytic materials in 
heterogeneous AOPs [170]. The latter have captivated attention because of their 
versatility and the possibility of reducing energy consumption associated with 
ozone generation.  
Titanium dioxide is low cost material, non-toxic, highly stable over a wide 
range of pH, and insoluble in water, which enables convenient separation from 
aqueous media and the possibility of immobilising it on different supports such as 
glass, silica, polymeric materials and GAC [155]. Titanium dioxide has, therefore, 
been successfully implemented in the treatment of hazardous organic pollutants in 
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wastewater following two different engineering pathways: as dispersed particles or 
immobilized on substrates or fixed beds. 
 
2.2.3.2 Sludge reactors 
Titanium dioxide photocatalytic activity is usually exploited in slurry reactors 
where a source of UV radiation is provided and the active material is finely 
suspended to provide higher specific photocatalytic surface to the feed. 
However, fine titanium dioxide particles present a further problem related to the 
recovery of the catalytic substrate. The post-treatment removal of titanium dioxide, 
requiring filtration and subsequent re-suspension, can represent an undesirable cost 
in terms of dedicated devices and time [176]. Moreover, the UV light exposure of 
titanium dioxide suspended powders can be undermined by other molecules, for 
example dyes, present in the reactor, reducing the depth of penetration of the 
radiation. Nonetheless, it has been reported that the particles, given their high 
surface energy, have the tendency to agglomerate thus reducing the active surface 
area and the overall treatment efficiency [177]. Although the formation of titanium 
dioxide clusters can be reduced by carrying out surface modification [178-180] or 
by controlling the pH of the reactive media [177, 181], the photocatalytic activity 
is still dependant on factors other than the form of the photocatalytic material, and 
post treatment filtration and recovery cannot be dismissed [182]. Consequently, the 
immobilisation on fixed beds or other substrates can tackle both the issues, even 





2.2.3.3 Immobilisation on supports 
An efficient support should provide good adherence, high specific surface area, 
strong adsorption affinity towards the pollutants and should not induce any 
significant modification in the catalyst activity during the synthesis [155]. The 
adhesion of titanium dioxide onto a support can provide better engineering control 
over the optimal exposure to the activating radiation as UV or visible light [184]. 
Supports are commonly divided into two main categories, as transparent materials 
and opaque substrates. The former includes glass, as tubes, rings, beads or plates 
[185, 186], and silica [187, 188], whilst the latter has activated carbon [189], metals 
and alloys such as stainless steel [190], ceramic as alumina [187] and polymers 
such as polystyrene or polyethylene beads [191]. The immobilisation of titanium 
dioxide onto substrates opens, therefore, the way to application in membrane 
science, considering the development of meso and nano-porous coatings in the 
range of Micro Filtration (MF) and Ultra Filtration (UF) [192, 193].  
 
2.2.3.4 Titanium dioxide as photocatalytic materials applied in membrane 
science 
First applications of titanium dioxide involved the treatment of specific VOCs 
in gas phase, such as thrychloroethylene [194], methanol [195], or formaldehyde 
[196, 197], whereby the pollutants can be directly oxidized to CO2 at room 
temperature without requiring a further condensation step [198]. The method has 
been applied to water treatment as an AOP technology arranged as a Photocatalytic 
Membrane Reactor (PMR) [199]. At first, titanium dioxide was not integrated into 
the membrane unit. The filtration module was either incorporated into a slurry 
reactor, where the photo-catalysis process was carried out by titanium dioxide 
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particles, or it was placed as a self-standing unit following the photocatalytic 
reactor [200, 201]. In recent years [193], the possibility of coupling directly the 
photocatalytic activity and the filtration has captivated the attention of researchers 
in order to avoid the drawbacks given by the titanium dioxide suspended powders 
and their recovery [202]. Different synthesis procedures, described in subsequent 
paragraphs, have been carried out to control and optimise the main membrane 
characteristics as porosity, specific surface area, pore size and pore size 
distribution. 
When considering the dispersion or the addition of titanium dioxide NPs onto 
a porous substrate, usually polymers and ceramics are considered ideal candidates 
for the supporting membrane. Titanium dioxide can be either immobilised as NPs 
or dispersed in the polymer solution for membrane casting into a mixed matric 
membrane (MMM). Typical substrates include poly(amide) [203], poly(urethane) 
(PU) [204], poly(ethylene terephthalate) (PET) [205], poly(ester) [206], 
poly(acrylonitrile) (PAN) [207], and poly(tetrafluoroethylene) (PTFE) [208]. In the 
case of dispersion onto a pre-formed membrane, typical routes require either 
reaction of Ti4+ with surface carboxylic groups or hydrogen bonds within carbonyl 
groups and surface hydroxyl groups on titanium dioxide [106]. Nevertheless, the 
detachment of titanium dioxide NPs due to exposure to high pressure or high 
temperature represents a critical drawback, and different strategies can be followed 
to strengthen the adhesion within the two layers especially when weak hydrogen 
bonds are involved, as occur following plasma surface modification [209]. 
Furthermore, the stability under UV radiation remains a concern and requires 
further optimisation since long time-exposure up to 12 h may generate degradation 
for polymeric membranes [210]. It was also reported that the dispersion of NPs 
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must be carefully tuned not to clog the pores and thus reduce permeate flux [209]. 
The presence of titanium dioxide particles across the surface was shown to 
dramatically increase the hydrophilicity thus the wettability [209, 211], which is 
beneficial in aqueous media to reduce fouling as proven in many studies [212, 213]. 
Particle detachment represents however an issue for these systems since it can 
undermine the photocatalytic efficiency [214]. Therefore, the direct incorporation 
of titanium dioxide into the mixed matrix membrane has been considered and led 
to titanium dioxide-polymer blended membranes [215]. Typically, the membrane 
fabrication requires the direct dispersion of titanium dioxide NPs into the casting 
solution [216]. Depending on the titanium dioxide concentration and agglomeration 
into the structure [217, 218], this synthesis method can negatively affect the 
porosity while surface hydrophilicity remains unaltered [218]. Interestingly, a 
comparative studied was performed on titanium dioxide cast and blended 
membranes [219]. This study demonstrated that the surface coating could provide 
better long-term flux stability due to a more efficient antifouling characteristic, 
although in this case the titanium dioxide blended membrane had a more porous 
structure. 
However, polymeric membranes cannot be implemented in the treatment of 
those effluents requiring high thermal and chemical stability. For this reason, 
support materials providing high physical and chemical resistance are desirable, 
such as ceramics or metals. Inorganic materials can outperform polymers not only 
in terms of chemical inertness and thermal resistance, but they can also be used in 
more severe environments where stability over a large pH range, biological 
degradation and mechanical robustness are required, as in the food, pharmaceutical, 
and petrochemical industries [220].  
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Nevertheless, the deposition technique to cast titanium dioxide across a ceramic 
support is critical to control and optimise the film or particle adhesion, the porosity, 
the thickness and the titanium dioxide phase present on the structure [221]. The 
combination of sol-gel method and dip-coating represents a low cost, robust and 
mature pathway to coat alumina directly with mesoporous titanium dioxide with 
nano-crystallinity [222]. In this case, the adhesion of titanium dioxide is improved 
by the generation of oxygen bridges formed during heat treatment such as 
calcination. However, the thermal treatment technique must be carefully chosen in 
order to prevent sintering, with a consequent loss of specific surface area, and avoid 
the transformation of anatase into rutile that would reduce the photocatalytic 
efficiency [223]. The sol preparation and dip-coating strategy can be further 
improved by adding surfactants as Tween 80 in Acetone [224] or 
poly(oxyethylenesorbitan) monooleate [225] as a pore templating material, to 
achieve enhanced control over specific surface area, porosity, crystallite size and 
phase . The loading of other ceramics such as 20-33% of silica NPs in the sol 
precursor was found to be beneficial to prevent the phase transformation of anatase 
during the calcination on ZrO2 supports [226]. 
In order to provide better control over the physical characteristics of the 
titanium dioxide layer and its adhesion, other methods have been recently 
developed such as Chemical Vapour Deposition (CVD) on ceramic supports [227]. 
This technique was shown to achieve a uniform dispersion of the titanium dioxide 
layer, with improved control over the thickness and the porosity when compared to 
dip-coating [228, 229]. However, decreased permeate flux across the membrane 
remains a matter of concern for CVD, as well as other coating methods, even 
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though better control over the top-layer thickness and photocatalytic efficiency in 
removing any pollutant residues is achieved [230, 231]. 
Recently, Atomic Layer Deposition (ALD) has been considered as valuable 
technique to coat titanium dioxide layers on alumina or other ceramics, with 
controlled thickness and porosity. Significant improvements can also be achieved 
with this technique in terms of obtaining a specific pore size with a narrow 
distribution [232]. Furthermore, this technique has provided outstanding outcomes 
when modifying the surface of tubular alumina, even in the form of anodic 
aluminium oxide, (AAO) by depositing a surface layer while maintaining the 
integrity of the inner pores [233] or reducing the pore size in a controlled manner 
[234]. However, even though ultra-thin films of a few nm can be deposited, the 
thermal stability represents an issue although a correlation within thickness and 
heat-induced degradation has not been reported yet [235]. Only a few studies have 
been reported on the performance of this technique for the deposition of titanium 
dioxide. Furthermore, this process can be improved by coupling the ALD with a 
Plasma Assisted decomposition of precursors (PA-ALD) [236]. This strategy 
represents a promising alternative to the traditional coating methods towards the 
deposition of highly controlled titanium dioxide porous layers on different 
substrates. 
 
2.2.3.5 Degradation of organic compounds 
The investigation of photocatalytic processes with titanium dioxide substrates 
has led to its application for oxidation of a wide range of organic compounds, from 
alkanes and alkenes to carboxylic acids, benzene and derivatives, amines, 
pesticides and even bacteria [237]. In some cases, the remediation system is applied 
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to address specific industrial needs when mineralization routes without the 
synthesis of by-products are desired. Formic acid, for instance, can be completely 
mineralized without intermediary steps and by-products in 2 min with a simple heat 
treatment at 100 oC, which is thought to activate the less reactive sites on titanium 
dioxide [238]. Oxalic acid, a sacrificial agent which promotes the photocatalytic 
removal of Hg or for the generation of H2 from organic molecules [239], can be 
carried out on titanium dioxide without any heat treatment. In this case, the addition 
of Ag NPs enhanced the efficiency by a factor of 5 if compared to the bare titanium 
dioxide due to the better charge separation provided [240, 241]. The degradation of 
fumaric and maleic acids, which are found in waste effluents in catalytic oxidation 
of aromatic compounds [242], can be obtained at good yield with a good control 
over side-reactions and adsorption on titanium dioxide depending on the pH 
conditions and the point of zero potential of titanium dioxide and the respective 
carboxylic acids [243].  
 
2.2.3.6 Degradation of aromatic compounds  
The heterogeneous photo-catalysis based on titanium dioxide has been 
considered as a potential candidate to the remediation of hazardous benzene and 
phenol derivatives, given the potential threat to human health and the environment 
that most of these compounds pose. Among them, the World Health Organization 
(WHO) has classified Benzene, Toluene, Ethylbenzene and Xylenes (BTEX) as 
high risk in terms of their effects on humans [244], while others such as 
Chlorophenols (CPs) are classified in category 2B of IARC as possibly 
carcinogenic to humans [5]. Nevertheless, this class of organic molecules typically 
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presents a series of challenges related to their removal, considering their resilience 
in bioreactors.  
The mineralization of BTEX was investigated on supported titanium dioxide 
nano-powders [245], as an alternative to slurry reactors. The study analysed the 
possibility of a complete removal of these compounds from real polluted 
wastewater. Different process parameters were considered, such as the source and 
wavelength of the UV light, either artificial or natural, the promoting effect of H2O2 
if added, the effect of foreign cations or anions such as Ca2+ or CO3
2-. Interestingly, 
considering the results of this study, the other ions present in solution as Ca2+ or 
CO3
2- would compete with the oxidizing species, thus decreasing the oxidation 
efficiency [246]. The combination of artificial UV-light and H2O2 on titanium 
dioxide films led to the mineralization of 90% of BTEX, while pH variation had 
slight or no impact. The presence of cations or anions for those studied resulted in 
a drawback for the process efficiency since they represented competitor agents to 
the organic molecules for the free radicals generated on TiO2. Therefore, an 
upstream pre-treatment may be necessary to achieve the photocatalytic oxidation 
efficiency of titanium dioxide when such ions are present.  
Another study considered the degradation of BTEXs in gas phase on transition 
metal-doped titanium dioxide immobilized on fiberglass cloth [247]. The material 
doping allowed for enhanced visible light absorption, and a complete removal of 
70% of BTEX was registered for V-doped titanium dioxide. Although both study 
evidence the relevant contribution in BTEX remediation, significant comparisons 
can be drawn only on the material itself and on its efficiency towards these 
molecules. Experimental set-ups remain substantially different since catalyst 
loading, contaminant concentration, type of UV light and fluid dynamics are 
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frequently changed. Titanium dioxide can be successfully implemented in different 
remediation systems thanks to its versatility without limiting the potential 
applications to specific liquid effluents or treatment set-ups. 
Polycyclic Aromatic Hydrocarbons (PAH), classified as significant human 
health risk [248], can also be oxidised by titanium dioxide substrates via 
photocatalytic degradation [249]. It was demonstrated that phenanthrene (PHE), 
pyrene (PYRE) and benzo[a]pyrene (BaP), can be degraded up to 50% of the 
original concentration with a low loading of 0.5 % wt of commercial P-25 titanium 
dioxide [249]. Furthermore, it was reported that the titanium loading did not 
significantly affect the degradation, which is in good accordance with previous 
studies, reporting that an increase in loading of more than 0.5 g/L did not lead to 
significant further degradation [250]. The presence of a threshold in titanium 
dioxide loading has been already demonstrated by other studies, reporting that 
above an upper catalyst concentration [250] no further improvements can be 
obtained. This result has been related to a non-uniform light distribution and further 
scattering among the solution, with a consequent slower reaction rate. 
The promising results obtained for oxidation of a wide range of benzene 
derivates as already shown, suggests it could be applied for destruction of other 
hazardous compounds representing a high risk to the environment and to human 
health. Such compounds include chlorophenols, chlorinated phenolic rings with 
resilience in water media. The application of titanium dioxide as a photocatalytic 





2.2.3.7 Impact of morphology and microstructure 
Morphological and microstructural parameters play an important role in regard 
to the photo-catalytic performance of the materials. The crystallinity, face 
orientation, specific surface area, crystallite size, or particle size are key parameters 
which will affect electron transfer and photocatalytic activity.  
Face orientation is known to play an important role, since anatase facets 001 
were found to be more active in photocatalysis than the thermodynamically stable 
101 [251]. This effect was attributed to the inner instability due to higher surface 
energy, 0.91 J m-2 for 001  facet and 0.44 J m-2 for 101  facet, which would lead to 
preferential reactive sites on these planes [252]. However, the 101 crystals are 
usually prevalent up to 90%, since the crystal growth reduces significantly the 
quantity of the less stable 001 facets, therefore specific synthesis pathways are 
required for single 001 crystal growth. Interestingly, a synergetic effect was found 
by the addition of dopant into the structure as non-metals during the hydrothermal 
process that is normally followed to produce selective growth of 001 facets [253, 
254]. A deeper investigation of single crystal growth is however strongly advisable 
since the hydrothermal treatment requires HF as capping agent, a risky chemical 
leading to potential work safety hazard.  
Another key parameter well known for its impact on AOP is specific surface 
area. In this regard, a high specific surface area is beneficial since it generates a 
higher density of localised states, involving electrons between the conductance and 
the valence band [255]. These localised states play an important role in transferring 
the electric charge within adsorbed molecules and the surface, while providing 
trapping sites for charge carrier, therefore preventing h+/e- recombination [256, 
257]. Anatase was shown to have a higher density of localised states and therefore 
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a higher adsorbance of hydroxyl radicals, which are part of the photodegradation 
mechanism and lower charge recombination compared to pure rutile [258, 259].  
The role of particle size and crystallite growth has been debated, since it is 
believed that smaller particles possess and higher surface area, which is beneficial 
to the photocatalytic activity. However, the recombination process of charge 
carriers on the surface must be considered. A higher photonic efficiency is induced 
by a smaller size, leading to higher interfacial transfer rate [260]. The delocalization 
of molecular orbitals on the surface of the catalyst leads to a red shift in the band 
gap when the bulk material is reduced with the decrease in size. However, when 
the size is too small, size quantization is induced generating confinement of charge 
carriers that hinders delocalization [261, 262]. Therefore, the band gap of NPs 
increases below a certain threshold [263]. This study, interestingly, reported that 
the band gap decrease from 3.238 to 3.173 eV when the particle reduced from 29 
nm to 17 nm, and increase again up to 3.289 eV when the size was further reduced 
to 3.8 nm. This effect can be clearly seen from Figure 2.2. In this case, the optimal 
photocatalytic activity was found for particles of 14 nm, although the band gap was 
higher than for particles of 6 nm. This effect is likely due to the combination of 






Figure 2.2 Variation of band gap of pure anatase over different particle size, 
readapted from reference [264] and [156].  
 
Trapping sites for charge recombination are made available across the surface 
of the material, and charge carriers can facilitate recombination thus shortening the 
time needed for site transfer. Considering the short time lag from the migration of 
the charge carrier from the bulk to the surface, the recombination occurs more 
rapidly than the separation on trapping sites [265]. 
Different studies have confirmed that the optimal particle size is around 10 nm. 
One study reported 11 nm as optimal particle size for pure titanium dioxide [265]. 
The degradation of trichloroethylene exhibited a maximum at 7 nm of titanium 
dioxide primary particle size, defined as crystal size [266]. Furthermore, the lower 
band gap of rutile compared to anatase can be confirmed by its larger crystallite 
size, typically around 32 nm at the end of thermal growth [267-269], with less 
photocatalytic efficiency than pure anatase as reported [270]. A review of different 
studies has considered the effect of both surface area and particle size to evaluate 
the degradation of two of the most investigated organic contaminants, methylene 
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blue and phenol, respectively, as shown in Figure 2.3 and summarize in Table 2 
and Table 3, respectively [156]. 
 
 
Figure 2.3 (A) Specific Surface Area and (B) Nanoparticle size influence on 




Table 2.2 Variation of Specific Surface Area across titanium dioxide phase and 
correlation to methylene blue degradation. Both phases refer to 100% concentration 
of anatase or rutile 







8.9 70 Anatase [271] 
30 77 Anatase [272] 
40 72 Anatase [272] 
67 40 Anatase [273] 
91 70 Anatase [273] 
123 60 Anatase [274] 
124 100 Anatase [270] 
134.4 60 Anatase [275] 
209 100 Anatase [274] 
212 100 Anatase [276] 
2 85 Rutile [270] 
8.9 20 Rutile [271] 
15 21 Rutile [272] 
15 35 Rutile [272] 
25 26 Rutile [272] 
220 20 Rutile [277] 
58.5 40 P-25 [275] 
50 55 P-25 [278] 
56 75 P-25 [279] 
50 85 P-25 [276] 








Table 2.3 Variation of nanoparticle size across titanium dioxide phase and 
correlation to phenol degradation 





4.5 6 Anatase [281] 
5 43 Anatase [282] 
6 31 Anatase [281] 
10 48 Anatase [282] 
12.8 32 Anatase [281] 
14.1 80 Anatase [283] 
17 40 Anatase [284] 
32 23 Anatase [282] 
63 40 Anatase [182] 
160 48 Anatase [284] 
330 44 Anatase [284] 
7.2 80 Rutile [283] 
18.5 30 Rutile [283] 
34 25 Rutile [285] 
40.8 25 Rutile [283] 
55.6 5 Rutile [284] 
20 75 P-25 [281] 
20 60 P-25 [286] 
26 60 P-25 [182] 
30 94 P-25 [285] 
30 30 P-25 [287] 
30 45 P-25 [283] 





A linear increase in MB degradation can be observed when the surface area is 
increased, while low activity is registered for rutile in general. However, the lack 
of consistency among the studies in terms of catalyst load and initial concentration 
of the organic compound does not allow to draw general remarks. The calculations 
were made from the Langmuir-Hinselwood kinetic model for high titanium dioxide 
loading, which are expected to have low influence on the photocatalytic efficiency 
above a loading threshold in the range of 2-5 mg/l as demonstrated in paragraph 3.  
Interestingly, in Figure 3.B the effect of particle size for anatase seems to 
follow a logarithmic law plateauing slightly above 20 nm. The lowest particle size, 
for anatase, is found around 3 nm and corresponds to the lower photocatalytic 
degradation of phenol, which is consistent with the described quantum size effect. 
It can also be noticed that P-25, in this case, is more competitive than pure anatase 
or pure rutile in most of the cases, and this can be ascribed to the expected 
synergetic effect of the two phases for the commercial product. 
The electronic properties of titanium dioxide have been extensively 
investigated primarily to understand the differences between the different titanium 
dioxide phases. Strategies to modify the band gap and favour the absorption into 
the visible light range were developed, which includes primarily the introduction 
of a foreign atom as a dopant into the titanium dioxide lattice to enhance 
heterogeneous photocatalytic pathways.  
 
2.3 Titanium dioxide as semi-conductor  
The role of titanium dioxide as a semi-conductive material has been 
investigated for decades, with the first comprehensive study being published in 
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1953 [288]. The two main crystalline forms of TiO2 are anatase and rutile, while a 
third one, brukite, is unattractive in photocatalysis due to its metastability and 
difficult synthesis procedure [289]. Brukite is therefore not discussed since it is not 
considered a valuable candidate for photocatalytic processes. The photocatalytic 
activity given by electron and holes generated on the band-gap must be triggered 
by exposure to UV light, for wavelength typically lower than 387 nm. The presence 
of amorphous TiO2 was however shown to be detrimental to the photocatalytic 
degradation of organic compounds [283, 290]. Although rutile is 
thermodynamically considered to be the most stable phase [291, 292], its efficiency 
within photoinduced processes is being debated due to the transition within anatase 
and rutile occurring upon heat treatment above 600 °C [292]. Anatase is the most 
photoactive phase [125, 293], even though its band gap, at 3.2 eV, is slightly larger 
than rutile at 3.0 eV.  
This paragraph focuses on the photocatalytic mechanisms related to TiO2-based 
heterogeneous catalysis. The TiO2 microstructure has a critical impact on the photo-
electronic properties, hence on the photocatalytic performance. The two main TiO2 
crystalline phases, anatase and rutile, are reviewed and their influence on the 
semiconductor bandgap discussed. The correlation between the reaction rates in 
photocatalytic phenomena and the TiO2 microstructure, consisting of a single 
anatase phase or a mixture of anatase and rutile, is examined. 
 
2.3.1 Mechanism of photocatalysis  
The photocatalytic activity of titanium dioxide is triggered by the absorption of 
a photon with sufficient energy to pull out an electron from the valence band and 
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promote it to the conduction band, when it acts as reducing agent [294]. The 
generation of a hole-electron pair can be described by Equation 2.1: 
ℎ𝑣 → 𝑒𝐶𝐵
− + ℎ𝑉𝐵
+           (2.1) 
Electrons and holes can then migrate to the surface, where they are trapped in 
specific sites, and react with electron acceptor species or electron donors as 
resumed below [37] and presented in Figure 2.4 and Equation 2.2 to 2.7: 
𝑒𝑆
− + 𝑂2 → 𝑂2
∙ −          (2.2) 
𝑒𝑆
− + 𝐻2𝑂2 → 𝑂𝐻
− + 𝑂𝐻∙          (2.3) 
𝑒𝑆
− + 𝑅∙ + 𝐻+ → 𝑅𝐻          (2.4) 
ℎ𝑆
+ + 𝑅𝐻 → 𝑅∙ + 𝐻+          (2.5) 
ℎ𝑆
+ + 𝐻2𝑂 → 𝑂𝐻
∙ + 𝐻+          (2.6) 
ℎ𝑆
+ + 𝑂2
∙− → 𝑂1 2          (2.7) 
However, trapping sites are also present in the bulk of the material and can 
potentially act as recombination sites for the charge carriers. Depending on the 
reaction conditions as pH and concentration of the organic species, holes, OH∙, O2
∙-
, H2O2 and 
1O2 all participate to the oxidation of organic molecules on the surface 






Figure 2.4 General mechanism of photocatalytic degradation of RH on titanium 
dioxide.  
 
Interestingly, the reduction potential of anatase and rutile is different over all 






Figure 2.5 Bandgap of anatase and rutile TiO2 at pH 7. Readapted from reference 
[296] 
 
 The Valence Band (VB) of anatase equals the VB of rutile, as shown in 
Figure 2.5, while the Conduction Band (CB) of anatase is slightly more negative, 
by 0.2 V. The oxidation of water on the VB of both crystalline phases is favoured 
at every pH, conversely on the CB the formation of oxygen superoxide radical, O2
∙-
, takes place on rutile only in alkaline solutions where the potential to O2 of this 
highly reactive radical remains constant at -0.284 V [297]. The fact that anatase can 
produce such particular radicals over a wide range of pH contributes to its superior 
photocatalytic activity if compared to rutile. 
Hydroxyl radicals formed on the surface from adsorbed H2O are particularly 
reactive in presence of organic compounds, therefore the possibility of adsorbing 
water on active Lewis sites provides [57, 298]. This degradation route is in 
competition with the surface degradation due to photo-generated holes, the 
difference being the adsorption of the organic compound, which would be 
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preferentially oxidized by holes or by hydroxyl radicals when strongly or weakly 
adsorbed on the surface, respectively [299]. 
Factors such as surface area, particle size and related quantum yield, crystallite 
size and reactive facets on titanium dioxide also affect the degradation mechanism 
while providing higher reactive sites across the surface or preventing the charge 
carrier recombination, will therefore be discussed in paragraph 2.4.  
 
2.3.2 Role of titanium dioxide crystalline phase on photocatalytic activity 
Different theories have been formulated to discuss the photo-induced activity 
of rutile and anatase. The efficiency of an alloy of both phases, as for Degussa P-
25, a commercial product, has been found to lead to higher photocatalytic 
performance [300-302] due to synergetic effects generated at the phase-junction 
interface [77, 303]. A direct mixture of both single powders does not however lead 
to enhanced performance [284]. This synergetic effect is related to the lower band 
gap of rutile, which provides electrons in its conduction band which can be readily 
transferred to the trapping sites provided by anatase [294]. This pathway is 
therefore creating a preferential pattern for h+/e- separation while avoiding the 
drawback related to the high charge recombination, typically reported for rutile 
[304, 305]. The electronic structure of the different phases, evaluated through 
Density of States (DOS) analysis [306], represented in Figure 2.6, was also found 
to be relevant to explain the different photocatalytic activity of the two titanium 




Figure 2.6 Molecular-orbital bonding of anatase TiO2 . 
 
In both cases, the Valence Band Maximum (VBM) consists of non-bonding O 
pπ states situated at higher energies than the bonding orbitals, while the Conduction 
Band Minimum (CBM) at the bottom of the conduction band stems from Ti t2g (dxy, 
dxz, dyz) states of titanium dioxide, with dxy being predominantly at the lower 
energies. This distinction is particularly evident in anatase, while less significant 
for rutile [294]. For this reason, anatase is considered an indirect semi-conductor 
while rutile is either direct or its indirect state is very similar to the direct one [307]. 
The indirect band gap of anatase is beneficial to the photocatalytic properties since 
direct recombination of photogenerated electrons from CBM with holes from VBM 
is impossible unlike rutile, therefore increasing the electron–hole lifetime of more 
than one order of magnitude [293, 308]. 
This mechanism is however still not fully understood and some studies argue 
that the charge transfer takes place from anatase to rutile due to the highest Fermi 
level of anatase [309]. It has been proposed that a space-charge region may be 
formed once an equilibrium is reached from anatase to rutile during electron 
transfer, charging rutile while depleting regions across the anatase crystals. This 
effect is therefore leading to the transfer of holes from anatase to rutile [309, 310]. 
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For these reasons, Degussa P-25, consisting of an intimate mixture of 70% 
anatase and 30% rutile is considered a benchmark in photo-catalysis and its wide 
availability on the market has supported the development of novel remediation 
studies. Nevertheless, new strategies have been carried out in order to improve the 
efficiency given by the commercial product, showing that a specific crystalline 
phase, as pure anatase [290, 311] or pure rutile [305], may be more beneficial for 
some applications, or specific synthetized mixture can be found more suitable [309, 
310, 312]. P-25 is commercialized under finely powders with spherical form, other 
titanium dioxide shapes can present different efficiencies. As for titanium dioxide 
nanotubes, for instance, with high specific surface area and isoporosity, the anatase 
phase was found to be more efficient in environmental applications for degradation 
of organic compounds while the introduction of rutile upon calcination has been 
demonstrated to be detrimental to the overall efficiency [290, 313, 314]. 
In this regard, a comparison of different studies based on the degradation of 
organic dyes can be taken into account to evaluate the importance of crystallinity 
in titanium dioxide nanotubes, which offer high charge transfer rate and reduced 
recombination of electrons and hole [315]. Figure 2.7.A and Figure 2.7.B below 
show the variation of k, as kinetic apparent constant in the Langmuir-Hinselwood 
kinetic model, and degradation of organic dyes as Methylene Blue, Methyl Orange, 
Acid Orange 7 and a common compound as acetone relative to the initial 





Figure 2.7 Degradation of organic dyes, (A) kinetic apparent constant (min-1) and 
(B) degradation of the dye, % of initial concentration.  
 
The evaluation of these results must consider, however, different factors that 
can have an impact on the overall process. Typically, the degradation of organic 
52 
 
compounds in heterogeneous catalysis follows the Langmuir-Hinselwood model 




) = −𝑘𝑟𝐾𝑎𝑑𝑡          (2.8) 
Where Kad can be considered a constant where the adsorption of the organic 




) = −𝑘𝑎𝑝𝑝𝑡          (2.9) 
The studies conducted on dyes typically follow this law, even though the 
experimental set-ups may vary from one case to another, since immobilized 
particles are typically preferred to suspended particles to avoid the issue of the 
catalyst separation from the final product. Although the TiO2 loading varies 
between studies, it was shown that above a specific loading of 0.5 g/L this effect 
has little or no influence [284, 323].  
Titanium dioxide nanotubes perform more efficiently for instance when a single 
crystalline anatase phase is present, while pure rutile has undoubtedly a negative 
effect on the reaction rate. The efficiency of pure anatase, shown in Figure 2.7.A 
and Figure 2.7.B, seems to be slightly higher for when compared to commercial P-
25 powders. However, other parameters should be taken into account when 
deciding which titanium dioxide structure implement into the selected process, such 
as the reactor fluid dynamics, the stirring system, the immobilization method or the 
powder suspension, which are more related to process engineering challenges 
rather than direct material properties [155, 322]. 
Drawing direct relationships between the crystalline structure and the 
photocatalytic activity is therefore not straightforward since other factors can have 
a significant impact and a specific set-up can be more beneficial to a case study 
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than to a different one, as a different stirring system or a variation in the UV 
radiation wavelength [324, 325].  
 
2.4 Routes towards visible light sensitation of titanium dioxide 
The original photocatalytic activity of titanium dioxide may change upon the 
crystalline phase, however the band gap remains wide, consisting of 3.0 eV for 
rutile and 3.2 eV for anatase, which makes titanium dioxide active only under UV-
light exposure. Moreover, sun light only contains a small amount of this radiation, 
up to 5%, hindering the use in photocatalytic applications. Consequently, the 
possibility of making titanium dioxide more responsive to visible light has been 
captivating the attention of scientists, with mixed results. Different strategies have 
been explored, such as introducing a metal dope into the lattice [326, 327], applying 
a dye [328-330], sensitizing with noble metals [331, 332] and finally considering 
non-metal atoms as alternative doping agents. Although dyes and were found to be 
efficient towards the photocatalytic enhancement, in aqueous media they can be 
detached from the surface, self-agglomerate or decomposed by oxidizing agents, 
narrowing the potential applications [328, 333].  
Therefore, pure bandgap engineering was considered with focus on 
compositional lattice doping of titanium dioxide.  
This paragraph highlights the advances and current strategies on the 
enhancement of the TiO2 photoresponse, including the possibility of shifting the 
light absorption of TiO2-based catalysts in the visible range. Different pathways are  
considered, involving doping titanium dioxide with metals or non metals, as well 
as performing the surface decoration of TiO2 catalysts with visible light sensitizing 
agents. The impact of the synthesis strategies on the morphology and 
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microstructure of doped-TiO2 catalysts is evaluated, whereas state-of-the-art 
doping or surface decoration techniques, such as plasma treatment and ALD, are 
reviewed. 
 
2.4.1 Metal doping 
The first trials on doping titanium dioxide with another metal considered the 
cationic doping and efforts were made to introduce a transition-metal as Cr3+, Mo5+, 
V5+ into the lattice [326, 334, 335]. Both p-type doping and n-type doping were 
considered, assessing the improved photocatalytic performance upon the 
introduction of Al3+, Cr3+, Ln3+ or Ta5+, Nb5+, Sb5+ respectively. Particular attention 
was attributed to Fe3+ because of its half-filled electronic shell, and therefore stable 
electronic configuration, which is altered by the electron trapping, thus powering 
the electron transfer to surface oxygen to return to a stable state [336]. Even though 
there is clear evidence of enhanced visible-light absorption provided by Fe doping, 
it was also showed that this cation can act as a recombination center for charge 
carriers and favour the transition from anatase to rutile even at low temperature 
[337, 338]. Controversial outcomes were found on V which was showed to increase 
the degradation of ethanol under visible light [339] while, also led to a significant 
loss of photocatalytic activity in V-doped TiO2 NPs compared to pure TiO2 ones 
[340]. Nonetheless, the photocatalytic activity is strongly affected by the 
modification of surface adsorption due to the presence of metal dopants, depending 
on the type and the quantity of metal introduced. For instance, Mo5+ leads to a better 
degradation of rhodamine B than Cr3+ because of a stronger electrostatic interaction 
with the dye on the surface. Consequently, although successful, the cationic-doping 
approach and its efficiency are strongly affected by the dopant type and 
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concentration, the distribution in the lattice and on the surface, along with the d 
electronic configuration [294], only a slight improvement to the photocatalytic 
activity and often reproducibility remained a concern [67]. Cationic doping has also 
been reported to induce thermal instability and decrease the carrier lifetime by 
inducing an inhibition effect given by the recombination of electron-hole 
recombination, thus resulting in a significant setback for the final purpose [341, 
342].  
In order to overcome the drawbacks presented by the metal doping while 
increasing the visible-light response, codoping has been investigated as an 
alternative strategy. Particularly, the combination of a non-metal, typically N, with 
a transition metal could prevent the recombination of charge carriers by promoting 
the separation of h+ and e-, while introducing new intraband absorption bands given 
by the metal [343]. For instance, the presence of both N and Fe3+ ions into the 
titanium dioxide lattice was showed to dramatically increase the degradation 
efficiency under visible light up to 75% as compared to pure anatase [344] while, 
on the other hand, the combination of Cr3+ and N was found to be more efficient 
than the doping of the single element itself [345]. Among the available elements, a 
slight loading of Mn of 0.25 wt% in N-doped titanium dioxide was showed to 
significantly reduce the charge carrier recombination while enabling the complete 
degradation of methyl-red without producing harmful wastes [346]. Furthermore, 
Pt-N codoped TiO2 nanotubes were successfully fabricated through an 
hydrothermal treatment aiming at enhancing the H2 photo-production from 
glycerol-water mixtures, although the nanotubes did not result in an uniform self-
standing array as fabricated through anodization [347]. Recently, Zr-N codoped 
mesoporous titanium dioxide was fabricated via a combustion method [348]. A low 
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loading of 1% of Zr showed a dramatic increase in visible-light response, resulting 
in an efficient degradation of rhodamine B while demonstrating high photocatalytic 
stability.  
It can be assumed that the effects of the type, concentration and site doping of 
a transition metal into a non-metal doped titanium dioxide lattice involve complex 
phenomena and requires further investigation [349]. It appears that the final 
application strongly depends on the combination of metal and non-metal carried 
out while the possibility of enabling a wide range of applications including different 
organic compounds remains unclear. 
 
2.4.2 Non-metal doping of titanium dioxide 
The possibility of doping the material in a different way such as considering 
non-metals has been captivating the attention of scientists since the discover of non-
metal doping of a titanium dioxide substrate, originally reported by Sato in 1986 
[350]. This study reported the introduction of NOx moieties into the original lattice 
by nitrification. However, the first comprehensive study concerning the non-metal 
doping of titanium dioxide and its principles was carried out only in 2001, when 
the induced activity under visible light generated by this novel approach was 
demonstrated [66]. This study is considered a breakthrough in this field and 
triggered the non-metal doping, particularly with N as an efficient atom for visible 
light sensitization. Other non-metals, such as C [351], S [352, 353] and I, have been 
considered as valuable candidates to dope titanium dioxide, however N still 
represents the most studied and is widely used in many applications with particular 
regards to the decomposition of organic compounds in air or water [67]. Although 
the photocatalytic activity of the doped titanium dioxide has been demonstrated for 
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each of the mentioned heteroatoms, N is preferred over the others for various 
reasons, including the higher anionic radius of S which would increase the 
substitutional energy and the lower electric carrier lifetime found for C or P [67]. 
Different routes have been followed to introduce the heteroatoms into the 
titanium dioxide lattice, nonetheless the photocatalytic efficiency of the final 
material was found to depend on several parameters, such as the generated 
electronic structure, the nature of the doping state, the amount introduced and the 
thermal stability [57]. These parameters strongly depend on the synthesis 
procedure, therefore meaningful decisions must be considered to obtain the optimal 
photocatalytic activity and knowledge gaps must be filled to fully understand the 
mechanisms behind the material doping.  
 
2.4.2.1 N-doped titanium dioxide nanomaterials  
As for the electronic structure of the doped titanium dioxide, different theories 
have been put forward. Originally, it was thought that the improved visible light 
activity was due to the band-gap narrowing with the N 2p level mixed with the 
titanium dioxide valence band [66]. However, this hypothesis was criticised by 
following studies, which proposed a new model based on the introduction of 
localized midgap states above the original valence band [354, 355]. Furthermore, 
along with localized midgap levels, the introduction of N dopants was found to 
facilitate the generation of oxygen vacancies by reducing their formation energy 
from 4.2 to 0.6 eV [356], thus enabling further mid gap energy levels below the 
conduction band [357, 358].  
Nevertheless, the introduction of these new energy levels was found to depend 
on the type of N doping, substitutional or interstitial. Early studies revealed two 
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different N peaks in the XPS spectra after N-doping [66, 359], which were assigned 
the latter to substitutional N and the former to the interstitial, at 396 eV and 400 eV 
respectively, because substitutional N is believed to be the most reduced state of N 
into the titanium dioxide lattice [358, 360]. The main difference between the N-
states was showed to depend on the energy level band since the one related to 
substitutional-N lies slightly above the valence band while the other is located 
higher in the gap [356]. The previous study also suggested that the higher energy 
level generated in the gap may reduce the oxidation power of the material by acting 
as a stronger hole-trapping site, therefore substitutional N should be preferred, even 
though good photocatalytic activity was found in the former case leaving the debate 
on these species open [67, 361]. This study also reported that the type of N-doping 
may depend on the doping procedure, particularly on the experimental conditions 
such as the synthesis atmosphere, with highly reducing conditions generating more 
substitutional N than N and O-rich atmospheres. Interestingly, the CVD supported 
by plasma (PECVD) showed more substitutional N [362] while sol-gel and 
annealing in NH3 produced more interstitial N [358, 363]. The effect of the doping 
route on the introduction of N seems to be relevant to its chemical state into the 
lattice, which has a major impact on the band gap narrowing and stability of the 
dopant.  
Different strategies should be therefore considered and compared, in terms of 





2.4.3 Strategies towards non-metal doping of titanium dioxide 
substrates 
Due to the different reaction chemistry of the doping elements taken into 
account, the techniques considered to introduce non-metal dopants into the titanium 
dioxide lattice can vary depending on the type of doping, either interstitial or 
substitutional, and the specific dopant. Pathways have been considered to 
efficiently introduce and tune the doping concentration, such as sol-gel [364, 365], 
sputtering [366, 367], CVD [368] and plasma technology [369-373]. 
 
2.4.3.1 Sol-Gel 
The incorporation of a non-metal dopant into the titanium dioxide structure 
during the Sol-Gel preparation method has been widely investigated [365]. 
Typically, the doping is obtained by adding a source of nitrogen, as NH4OH, 
NH4Cl, hydrazine, urea [359, 374, 375], to the source of Ti commonly used to 
synthetise the titanium dioxide, such as Titanium Isopropoxide (TTIP), TiCl3, 
TiCl4, Ti(SO4)2. However, the strategy has been mostly carried out to produce N-
doped titanium dioxide powders and it remains costly in terms of energy required 
for calcination or for further annealing which can be necessary to modify the 
crystalline structure and the anatase/rutile content [376, 377]. Recently, a wet 
process involving the sol-gel strategy has been developed to promote the formation 
of thin films. However, this route is usually performed via solution dip-coating and 
subsequent drying at high temperatures to promote the crystallization of anatase or 
rutile [378, 379], or carried out by directly pasting the sol on a template and 
followed by thermal post-treatment [380]. The production of nanoporous N-doped 
titanium dioxide thin films seems therefore to be significantly complex and not 
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attractive in terms of final characteristics, such as control of porosity, dispersion of 
the dopant, surface uniformity. 
 
2.4.3.2 Sputtering 
The non-metal doping of titanium dioxide can be also achieved via SP by 
developing the most suitable conditions in terms of targets, pressure and carrier gas 
under DC, RF, or RF with magnetron [67, 381]. In this case, the critical challenges 
are represented by the control of the N doping concentration and the chemical state 
of N2 introduced [382]. Sputtering TiO2 under controlled N2 led to the fabrication 
of TiO2-N films showing a wide range of N concentration, from 2 to 16.5 at% [383]. 
The substrate presenting the highest N content of 16.5 at% had the narrowest band 
gap of 2.25 eV, however the best catalytic efficiency was assigned to a 6 at% N 
content. Although the N was incorporated prevalently as substitutional-N, the 
formation of Ti3+ at higher N loading than 6 at% was found to deteriorate the 
catalytic efficiency, as these species would act as recombination centres. Similarly, 
the content and chemical state of N was studied by sputtering Ti under a mixture of 
O2/N2/Ar as carrier gases [382]. Interestingly, low N concentration such as 1.2 at% 
associated to a prevalence of interstitial N led to the best photocatalytic oxidation 
of NO. In contrast to previous outcomes on the role of substitutional-N [66], this 
study concluded that the increase in substitutional-N concentration was detrimental 
to the catalytic efficiency as more oxygen vacancies were introduced, potentially 
leading to a charge recombination effect. The presence of substitutional-N was 
found to enhance the degradation rate of MB by 4 times in N doped TiOxNy 
sputtered films [384]. In this study, the optimal amount of N concentration was 1.2 
at% whereas a further increase, up to 20 at%, hindered the photocatalytic activity 
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by reducing the crystallization of anatase, due to the formation of Ti-N crystal 
phases. The role of crystallinity in the visible light-sensitization emerged from the 
investigation of the anatase/rutile formation at different N2 flow ratio [385]. The 
photocurrent in white light of N-doped TiO2 was enhanced by a factor of 200 upon 
the formation of anatase crystals, whilst further addition of N did not lead to 
improved photo-response. The electron transfer mechanism postulated assumed 
that the addition of N induced the formation of more charge recombination centres 
as a side effect.  
A different approach to tailor the concentration of N and its chemical state 
consisted of sputtering titanium dioxide in N2/Ar atmosphere and subsequently 
anneal the TiO2-N film at 550
oC under N2, in order to optimise the content of N 
and its chemical bonds [386]. This method could successfully introduce 
substitutional N into the lattice. However, as the concentration of N increased from 
1.9 to 2.9 mol%, the optical properties deteriorated as more oxygen vacancies, 
acting as recombination centres, were incorporated. Another report on sputtered 
TiO2-N made use of thermal annealing as above to generate TiO1-xNx species [386]. 
In this case, the highest concentration of N corresponded to x=0.0116 in TiO1-xNx 
and led to an enhanced shift in light absorption between 400-500 nm. The analysis 
of the N 1s showed the presence of a broad peak around 397 eV, attributed to the 
incorporation of substitutional-N. The improved hydrophilicity of the x=0.016 
substrate was assigned to the presence of localized N 2p states separated from O 
2p.  
An alternative route to produce TiO2-N films consists of oxidizing titanium 
nitride films [137, 387]. The oxidation of as-sputtered TiN films can potentially 
lead to the formation of photoactive substitutional-N and Ti-NxOy species [388]. 
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Nonetheless controlling the oxidation of TiN and therefore the concentration of N 
is challenging as the complete oxidation to TiO2 is thermodynamically favoured 
[389]. Interestingly, only one report is available on the fabrication of TiO2 
nanotubes from titanium nitride, fabricated by arc-melting technique [390]. The 
role of the anodization on the formation of photoactive N species is however not 
well understood, as only the formation of 2-3 at% of Ti oxynitride was reported 
from a nominal N content of 5 at% in the TiN alloy. 
 
2.4.3.3 Atomic Layer Deposition 
Atomic Layer Deposition is a versatile technique to deposit thin films on planar 
surfaces, enabling for a stoichiometric control of the reactants and the possibility 
of fabricating different layers with selective control over the surface chemical 
composition. This method has been proved to efficiently introduce N as a dopant 
along with the fabrication of the titanium dioxide thin film. As previously reported 
[391] their protocol was able to introduce N up to 1.61 % at with an attractive 70% 
of substitutional N. A further enhancement was recently obtained by depositing the 
doped film on a 3D metallic foam template [391]. Nonetheless, this study reported 
how the at% of N can be optimised by changing the precursors, as TiCl4 or Ti 
isopropoxide, and the experimental conditions, thus opening the way for further 
improvements towards a more efficient visible-light absorption.  
 
2.4.3.4 CVD 
Chemical Vapour Deposition has been deeply investigated in order to obtain 
the non-metal doping during the synthesis of the titanium dioxide film by selecting 
the suitable precursors and adapting the process conditions [392]. Ammonia gas 
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has been found to introduce prevalently substitutional N, with a ratio of 4:1 
compared to the interstitial N, with a linear relationship within the amount of N 
introduced and the flow rate of ammonia [362]. The results showed that the amount 
of N grew up to 6 %at from 4.5 at% when the flow rate increased from 50 to 150 
sccm [362]. However, another study on the growth of titanium dioxide films 
through CVD revealed that upon the application of an ammonia feed of 10 L/min 
only a weak peak, corresponding to interstitial N, appeared in the XPS analysis and 
no photocatalytic activity was observed [393]. Although the introduction of N via 
CVD represents a convenient strategy to both fabricate and dope titanium dioxide 
films, the selective introduction of substitutional N is not evident and it is likely 
affected by the reactions taking place in the CVD chamber and the control 
parameters, as temperature, feed, pressure, that all concur to produce the titanium 
dioxide deposition. 
 
2.4.3.5 Plasma technology application to titanium dioxide doping 
As mentioned, the possibility of introducing N atoms in the titanium dioxide 
lattice has been carried out and increased photocatalytic activity has been 
demonstrated throughout different methods [65, 66]. Among the techniques 
involved in the process, plasma treatment represent a valuable option to efficiently 
dope thin films [66, 373, 394, 395], NPs [396, 397] or nanoporous structures [373]. 
Plasma technology is considered a clean, quick and efficient technique to induce 
surface modifications for chemical and physical etching, functionalization or even 
polymerization, enabling the possibility to optimise a surface by significantly 
changing its chemistry and morphology. Nonetheless the possibility of tuning the 
original TiO2 nanostructure in order either to maintain the crystallinity, by applying 
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a low temperature plasma, or to modify and control it by providing more energy 
with T comparable to those used during annealing processes, represents a clear 
advantage [373]. The ratio of anatase over rutile can be modified by applying a 
temperature control while, in case of amorphous titanium dioxide as a result of the 
anodization process [398], the application of high temperature during the doping 
treatment can be beneficial to the formation of a specific crystalline structure. This 
would allow the optimisation of the entire process involving the fabrication of 
nanoporous titanium dioxide, the modification of the morphology, the doping, by 
combining at least 2 steps together [372]. 
Nevertheless, it must be taken into account that high specific surface area 
represents a necessary requirement to achieve a good catalytic activity, therefore 
the possibility of using a low temperature plasma to dope the original titanium 
dioxide could prevent the loss on this parameter especially when the original 
material consists of powders [399]. In case of annealing, for example, used to 
synthetise N-doped titanium dioxide thin films, sintering and gain growth represent 
an issue especially for long exposures to high temperature, typically above 600 C, 
registering also low nitrogen introduction and lack of control over the doping sites 
in the lattice [396, 400]. Consequently, the development of new strategies is 
desirable to retain the original crystalline structure and reduce the loss of specific 
surface area [401]. 
To date, the plasma technique is used prevalently to assist and support the 
reactions which take place during the CVD of a titanium dioxide precursor, 
providing at the same time the doping agent, therefore combining two different 
process steps [372, 402] whilst avoiding annealing which is a potential source of 
specific surface area loss. Nonetheless, strategies considering a post-treatment 
65 
 
plasma doping of well-organized nanoporous structures have not been fully 
explored and only limited studies are available [371]. Furthermore, the possibility 
of combining the desirable effects of annealing as the phase change into the plasma 
treatment of nanoporous titanium dioxide substrates has not been explored to the 
best of our knowledge. However, the possibility of tuning the plasma density and 
the energy provided by tuning the plasma parameters such as pressure and power 
represents a promising novel application of this technique, which would result in a 
cost cutting and possibly combining the amiable properties provided by annealing 
and doping in one convenient and environmental-friendly technique. 
Furthermore, the type of titanium dioxide doping and its extent in terms of depth 
penetration and atomic non-metal concentration is still under debate. The plasma 
approach to the non-metal doping was showed to introduce significantly different 
amounts of nitrogen, varying from as low as 1 at% up to 31.5 %. The highest doping 
was attributed to ammonia as feed gas [395], consequently suggesting that a 
reductive atmosphere would be more effective than a neutral one consisting of 
nitrogen gas, which led to a N at% of 31.5 and 9.2 respectively. More recently 
[373], it was reported that the introduction of N up to 3.2 % under nitrogen gas, 
however it consisted mostly of substitutional nitrogen which is highly desirable 
upon doping instead of interstitial nitrogen, which was already reported [67]. Also, 
the ratio between Nsub to Ntot is meaningful to enhance the visible-light response as 
already demonstrated, therefore it is necessary to develop a comprehensive 
understanding and control of the impact of the plasma conditions to the substrate 
to obtain a beneficial ratio. For instance, even though the amount of nitrogen 
introduced was not calculated, it was showed that upon plasma treatment the Ti-N 
bonds represented at 396 eV in the XPS spectra are prevalent [370], supporting the 
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possibility of introducing the desirable substitutional nitrogen into the lattice. This 
study also reported a correlation between the plasma exposure time and the amount 
of substitutional N with an increase over time. On the other hand, another study had 
assessed an inverse correlation between the parameters [397], with the highest ratio 
of N sub to N total registered on a short exposure to an argon and nitrogen 
atmosphere, and a subsequent drop. However, the aforementioned authors later 
demonstrated [394] that it is possible to introduce prevalently substitutional 
nitrogen by increasing the plasma discharge power, having set the plasma 
parameters at 5 min exposure time with Ar and then N2 as feed gas. 
 
2.4.4 Surface Decoration of titanium dioxide 
The surface decoration of the TiO2 substrate represents a flexible, simple 
strategy to improve the optical and electronic properties of the material without 
altering the microstructure of TiO2 [403, 404]. Noble metals such as Au, Ag, Pt and 
Pd have been applied in photocatalytic systems as charge collectors for their unique 
electron-transfer properties under visible light irradiation [405-407]. The 
fabrication of catalysts consisting of metal oxide/noble metal junctions has gained 
momentum due to the unique electronic properties of the heterogeneous interface 
[408]. Noble metal nanoparticle can act as photoelectron trap and promote a rapid 
charge transfer at the junction interface, therefore reducing the charge 
recombination effect [332, 409].  
The deposition of Pd and Ag over TiO2 NPs enhanced up to 1.9 and 1.8 
times the decomposition rate of phenol and diclofenac, respectively [410]. The 
surface decoration of TiO2 nanotubes with 0.73 at% of Au led to 50% degradation 
of 2,4 D under pure visible light in 2 h [411]. The enhanced light sensitization is 
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attributed to the Surface Plasmon Resonance (SPR) effect. The SPR can induce a 
fast charge transport at the heterogeneous interface whereas the formation of a 
Schottky barrier mitigates the impact of the charge recombination effect [412-414]. 
Among the noble metals considered for the surface decoration of TiO2, Pd has 
gained growing attention [415]. Pd and Pt possess higher resistance to poisoning 
than Ag [416, 417] and better thermal resistance than Au, preventing the undesired 
sintering effect in applications such as NOx reduction [418, 419].  
The control of the nanoparticle size, shape and distribution is essential to 
increase the specific surface area and the density of the heterogeneous noble 
metal/metal oxide catalysts [420-422]. The catalytic performance is directly 
correlated to the chemical and physical properties of the photoactive junction [67]. 
Advanced synthesis protocols are sought to accurately control the seeding process 
over the metal oxide surface and therefore the growth and formation of the catalytic 
interface, favouring the charge transport over well-structured interfaces [332].  
 
2.4.4.1 Surface Plasmon Resonance effect 
Noble metal NPs, such as uniformly distributed Pd NPs, can enhance the 
light absorbance of a catalytic metal oxide/ noble metal junction via different 
mechanisms: 
 acting as an e- trap to hinder the electron/hole pair recombination [420, 
423]. 
  extending the catalytic surface to favour the adsorption of organic 
molecules. 
 increase the e- generation and charge transfer by SPR [414, 417, 424].  
68 
 
When irradiated by visible light, the conductive electrons are excited by 
collective resonant oscillations. This effect can decay both radiatively, by the 
emission of a photon, or non radiatively, leading to the generation of charge carriers 
[417] [425]. The non-radiative decay is referred as hot electron effect, whereby the 
electrons generated have more energy than in equilibrium condition and can be 
exploited to increase the density of charge carriers [426]. In this case, the e- located 
below the Fermi level of the noble metal NPs are excited and therefore transferred 
into CB. At the same time, (h+) species are formed in VB for charge neutrality 
[427]. These electrons move then into the metal oxide CB due to the formation of 
Schottky barrier at the heterogeneous interface, which also mitigates the backflow 
of electrons [414, 424]. As the CB of TiO2 is an electron acceptor, it readily accepts 
the electrons that are transferred from the noble metal to form superoxide anion 
radicals (•O2 
−) and OH- species [414, 427] as shown in Figure 2.8. Conversely, 
pure TiO2 is largely inactive under pure visible light radiation and no e
- driven 





Figure 2.8 Mechanism of hot electron effect generated on a noble metal (NM)-
TiO2 interface 
 
Morphological factors such as NP size and distribution may affect the SPR and 
the visible light absorption [428]. Small Pd NPs in the range of 20-30 nm presented 
a shift in light absorption up to 500 nm [429]. The highest catalytic activity in the 
degradation of amoxicillin was assigned to a 0.5 wt% loading of ̴20 nm Pd NPs. 
Conversely, higher loading of NPs of 1 and 2.5 wt%, corresponding to a size of 22 
and 28 nm respectively, showed a 50% drop in degradation rate. This result was 
attributed to a light shielding effect due to the increased size of the Pd layer over 
TiO2 nano-catalyst. Another study reported that Pd NPs of 4 nm size showed 
enhanced light absorbance in combination with Ti nanofibers and led to the 
degradation of 90% of p-nitrophenol in 60 min. In contrast, NP of 15 nm in size 
deposited over TiO2 nanotube required 90 min to achieve the same performance 
[424]. This result was correlated to the increased photocurrent generated on a high 
surface/volume ratio on the Pd-TiO2 nanofibre catalyst with 4 nm Pd NPs. Pd NPs 
at 0.5 wt% loading deposited over TiO2 determined a 19-fold increase in the 
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degradation kinetic of Rhodamine b compared to TiO2 P-25, reaching 50 % 
degradation in 7 min [430]. The remarkable increase in photocatalytic activity was 
correlated to a sub-3 nm particle size and the controlled growth from surface defects 
on TiO2. A large contact area at the heterogeneous interface facilitated the charge 
carrier transfer and reduced the recombination of holes and electrons. 
The control of the noble metal deposition in terms of position and distribution 
on the surface, as well as of the growth and coalescence mechanism, is therefore 
critical to achieve high catalytic interfaces and enhance the electronic efficiency of 
the nanocatalysts. 
 
2.4.4.2 Atomic Layer Deposition 
Atomic Layer Deposition (ALD) has gained momentum as an ideal 
synthesis process to deposit NPs or thin films with sub-1nm resolution over a broad 
range of dense and porous substrates [431-433]. The ALD fabrication of 
heterogeneous catalysts consisting of 2 or more different components offers the 
unique advantage of providing both homogeneous discrete dispersion of NPs and 
controlled particle size [121]. The surface density of active sites and therefore the 
catalytic surface available for the reaction can be finely tuned by varying the ALD 
deposition cycles [121, 434]. The nano/design of catalysts with accurate control of 
distribution, size, composition and density allows for the fabrication of specific 
morphological aspect and interfaces with enhanced electronic properties [435, 
436]. The ALD deposition of noble metal NPs is particularly captivating as a high 
control over the quantity and size of the noble metal, such as Pd, is required to attain 
efficacy and cost-effectiveness [432].  
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The deposition of Pd over metal substrates to act as performant catalysts 
has been recently considered. Pd nanoparticles can be implemented over porous 
supports, such as porous carbon [437], to act as an electrode for the electrochemical 
oxidation of alcohols. By introducing Pd NPs of 2.6 nm, the electro-oxidation of 
ethanol and isopropanol presented a 2.5 higher mass activity than the commercial 
Pd/C catalyst with superior poison resistance in a 1 h experiment. 
Recently, inorganic supports have been investigated as suitable and stable 
substrates. Pd has been successfully deposited on flat, dense Al2O3 and ZnO 
substrates for enhanced methanol decomposition [438]. The deposition of 1 – 2 nm 
Pd NPs over alumina determined a higher H2 production rate at a concentration as 
low as 1.6 wt% Pd. 
The possibility of carrying out the ALD deposition of a continuous Pd film 
on a porous inorganic substrate was carried out on Anodic Aluminium Oxide 
(AAO) [434]. The deposition of a 42 nm thick film was achieved, showing 
promising potential for the possibility of controlling seeding and growth of Pd on 
isoporous substrates. 
Apart from alumina, typical metal oxides used as supports in catalytic 
applications include dense and porous SiO2, ZnO and TiO2. The deposition of Pd 
on TNT has been reported only recently [439], NPs of 6.5 to 25 nm were finely 
deposited over the inner diameter of the tubes and along their length. The higher 
activity in the electro-oxidation of ethanol was assigned to the Pd-TNT nano-
catalysts with 6.5 nm of Pd NPs. Conversely, the partial blockage of the tube 
aperture due to a coalescence of the 25 nm NPs reduced the catalytic interface and 
determined a loss of active surface from 22.3 to 7.1 cm2, respectively. Further 
studies have been conducted to improve the electro-efficiency of this system, 
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leading to the realization of a 3-component TiO2-SnO2-Pd catalytic substrate by 
ALD deposition [404]. The maximum active surface corresponded to NPs 
deposited from 600 to 900 cycles, corresponding to 6 ±3 nm in size. As the number 
of cycles reached 1000, the NPs started to coalesce, leading to a dramatic drop of 
active surface, leading to a dramatic drop of active surface from 15 cm2 to less than 





Table 2.4 ALD Deposition of Pd nanoparticles over dense and porous substrates 
for electrocatalytic applications.  











































The combination of the electronic properties of crystalline TiO2 TNTs, such 
as fast charge transport and high specific surface area, combined with the light 
sensitization provided by Pd NPs, offers promising potential for further 
applications in electro and photocatalytic properties [432]. In this scenario, the 
ALD deposition is a versatile and rapid pathway to synthetise nanocatalysts with 
accurate control of morphology and catalytic interfaces due to the control of 





This review provided a comprehensive overview of advanced routes to 
generate nano-textured and nano-porous titanium dioxide materials. A correlation 
between the nano-structured materials and their catalytic properties for the 
remediation of organic compounds from wastewater effluents are also highlighted 
and discussed.  
The discussion was focused on the critical impact of surface properties and 
crystallinity on the performance of the titanium dioxide catalytic materials and on 
their suitability for application as reactive photocatalytic surfaces. The design of 
doped titanium dioxide materials active in the visible range is a frontier in the 
scalability and application range of such structures in AOP. TiO2 nanotubes offer 
ideal catalytic properties, such as high specific surface area for the degradation of 
organic compounds and fast charge transfer along the 1-D architecture. Narrowing 
the band-gap of TiO2 nanotubes constitutes a critical requirement to shift the light 
absorption in the visible range. Different strategies can be considered, such as 
metal, non-metal or surface decoration. However, the addition of a variable 
concentration of doping does not automatically lead to an improvement in light 
absorbance and in catalytic performance. Optimal concentration of doping can be 
achieved, nevertheless the control of doping concentration in the TiO2 
microstructure is challenging as a narrow control on the post-treatment 
modification of TiO2 is required. Furthermore, the chemical state of TiO2 in terms 
of metal-doping and presence of sub-stochiometric TiO2 represents a key factor in 
regulating the catalytic reactions at the semi-conductor catalytic interface. 
However, the control of the generation and formation of these species is 
challenging and the optimisation of their concentration hardly achievable. 
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Furthermore, achieving an efficient non-metal doping with nitrogen require a 
narrow control over the doping concentration and of the nitrogen chemical state. 
Different nitrogen chemical species, such as substitutional-N, interstitial-N, or 
titanium-oxynitrides, can contribute to the electronic state of the TiO2 nanotubes 
and to the catalytic performance. The formation of these nitrogen chemical state 
depends on the synthesis protocol, however the role of the doping concentration on 
the formation of these species and their interactions and recombination is unclear. 
Finally, the enhancement of photocatalytic properties also relies on surface and 
interface properties, such as the distribution of active sites, the morphology of the 
catalytic sites, the electron transfer between heterogeneous surfaces and the 
presence of charge recombination centre. High control over the catalytic interface 
between the TiO2 nanotubes and the reactants can further improve and facilitate the 
transfer of photoelectrons and the degradation reactions. The TiO2 morphology can 
be tailored by varying the anodization parameters. Nonetheless the introduction of 
other elements such as noble metal nanoparticles can improve the catalytic 
efficiency of the TiO2 nanotubes depending on the ability of optimising the 





2.6 Research Questions 
The main research question which arises from the gaps identified in the review 
is the following: 
 
How can the nano-scale morphology and chemistry of anodized TiO2 
materials be controlled to offer enhanced visible light sensitization and high 
photocatalytic performance? 
 
This works aims at developing doped-TiO2 nanotubes with narrowed band-gap 
and optimised surface and interface morphology towards the efficient 
photocatalytic degradation of organic compounds. Non-equilibrium titanium alloys 
are fabricated via metal sputtering, with specific microstructure and chemical 
composition. The morphological aspect of the TiO2 nanotubes is controlled by 
varying the chemical and morphological properties of the as-sputtered alloys, 
including alloy composition and growth of columnar-like structure composing the 
alloy. The variation of geometrical features of the tubes, such as inner diameter and 
wall thickness, responsible for the charge carrier transfer upon light irradiation, was 
investigated for the first time by Small-Angle X-ray Scattering. The visible light 
sensitization was adjusted by varying the level of doping in the sputtered films prior 
to anodization. A fundamental investigation on the surface chemistry involving Ti 
and its chemical interactions with the doping agent was carried out. The presence 
of photoactive doping species, such as non-stochiometric Ti and metal-nitrogen 






These advances will however open up three specific, more technical sub-
questions which will also be dealt with within this PhD Thesis: 
 
1. How can the morphology and composition of the original Ti substrate 
impact the growth mechanisms of the anodized TiO2 nanotubes? 
A series of titanium alloys, specifically titanium-tantalum and titanium-
titanium nitride, was fabricated via metal sputtering. This synthesis strategy 
allowed for a direct control of the nanotube morphology and optical properties 
by simply varying the microstructure and chemical composition of the alloys. 
For each alloy a correlation was postulated between the doping concentration 
in the TiO2 nanotubes and the original composition of the titanium alloy. The 
impact of the sputtered film microstructure and morphology in terms of growth 
of columnar like structure was investigated and related to the final nanotube 
geometry. 
  
2. How is the electronic state of TiO2 altered by doping towards enhanced 
visible light sensitization and efficient heterogeneous photocatalytic 
degradation of organic molecules in wastewater? 
The microstructural and electronic properties of the final doped-TiO2, 
including crystallinity, doping content and morphological aspect of the 
nanotubes, are expected to have a critical influence on the photocatalytic 
performances. The introduction of a doping agent into the TiO2 lattice is 
performed by anodizing as-sputtered Ti alloy presenting a specific chemical 
composition. Upon anodization and thermal annealing, the nanotubes presented 
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a degree of crystallinity and a specific concentration of doping. The variation 
of doping concentration was correlated to the band-gap narrowing and a band-
gap minimum was indicated for both anodized alloy, titanium-tantalum and 
titanium-titanium nitride. Furthermore, the presence and interaction of 
photoactive chemical species, such as Ti and Ta suboxides or Ti-N bonds, was 
evaluated to individuate the impact of non-stochiometric species or specific N 
bonds to the catalytic performance. 
 
3. How can the surface properties of nanocomposite TiO2-based catalytic junctions 
be optimised to enhance the degradation rate of organic compounds in 
photocatalytic reactions? 
The catalytic interface of a semi-conductor in heterogeneous reactions is 
responsible for the efficient transfer of photoelectrons and for the prevention of 
charge recombination phenomena. The catalytic properties of TiO2 nanotubes 
were improved by depositing palladium nanoparticles or thin films via Atomic 
Layer Deposition. This deposition technique allowed for a great control and 
accuracy over the size, shape and distribution of nanoparticles. A heterogeneous 
palladium-TiO2 nanotube catalytic junction was therefore formed on the surface 
of TiO2. The optimisation of the junction morphology, in terms of specific 
surface and surface density, was carried out by controlling the seeding and the 




Chapter 3. Materials and Methodology 
The development of doped-TiO2 substrates via anodization requires a careful 
choice of titanium-based materials and electrochemical conditions to finely tune 
the nanotube morphology and doping concentration. The surface morphology, as 
well as the photo-electronic stemming from the synthesis of the TiO2 nanotubes, 
are critical to evaluate the degradation of organic compounds in heterogeneous 
photocatalysis. Thus, advanced characterization techniques are required to 
investigate the physical and chemical properties of the catalysts fabricated in this 
Thesis and the impact on the catalytic performance. 
This chapter presents the materials used to fabricate doped and surface-
decorated TiO2 nanotubes, including the synthesis strategies taken into account to 
prepare and tailor the titanium alloys applied in this Thesis as starting materials. 
The electrochemical anodization and the electrochemical apparatus are then 
introduced to clarify the process that led to the formation of TiO2 nanotubes from 
Ti-alloys or Ti foils. The surface decoration of the as-fabricated TiO2 substrates by 
Atomic Layer Deposition is reported with a comprehensive description of the 
deposition process and apparatus. Furthermore, the material characterization 
techniques are presented to highlight the key morphological or chemical properties 
investigated and correlated to the catalytic performance. Finally, the catalytic 
apparatus and experimental conditions, including the light irradiation applied, are 





Ethylene glycol (>99.8%, CAS: 107-21-1), ammonium fluoride (>99.99%, 
CAS: 12125-01-8), ethanol (> 99.5%, CAS: 64-17-5), acetone (>99.5%, CAS: 67-
64-1), palladium hexafluoroacetylacetonate (Pd(hfac)2) (CAS: 64916-48-9), 
formalin solution (10%, CAS: 50-00-0) were purchased from Sigma-Aldrich and 
used as received, Milli-Q water was purchased by Merck Millipore, and used 
without further purifications. The titanium foils (0.1 mm thick, 99.6% purity, and 
cut in 1 cm × 1 cm) were acquired by Goodfellow, London, and used as the 
substrates for the growth of the TiO2 nanotube arrays. The Ti foil are nominally 
flattened by cold rolling and tempered by annealing. The Pt foil (0.01 thick, 99.99% 
purity, Goodfellow, London) was in as-rolled condition and used as counter 
electrode. 
The 4-inch Si (100) wafers were used for the sputtering of titanium alloys were 
diced into 1.8 cm x 2 cm pieces using an automated dicing saw (Disco DAD321) 
at Melbourne Center for Nanofabrication (MCN), Melbourne, Australia. The Ti, 
TiN Ta sputter targets were acquired from Ezzi Vision with 99.99% purity. 
 
3.2 Fabrication of titanium alloys 
The deposition of Ti-Ta and Ti-TiN alloys was performed on an INTLVAC 
Nanochrome I AC/DC magnetron sputtering rig at the MCN. A schematic of the 
thin film deposition process is presented in Figure 3.1. The sputtering deposition 
is triggered by positively charged Ar+ ions generated in the plasma atmosphere that 
bombard the surface of a target materials, such a metal, working as a cathode (-). 
In a magnetron sputtering, magnets are placed behind the target, resulting in a 
81 
 
magnetically enhanced glow discharge plasma that leads to high ion density close 
to the surface [441]. Specifically, the magnetic field generated around the target 
traps the electrons for a longer time and favours the ionization of the carrier gas, 
such as Ar, resulting in a denser plasma [442, 443]. Consequently, higher sputtering 
rates can be obtained compared to non-magnetron sources. Typically, magnetron 
sputtering cathodes include AC and DC power sources, with the latter applicable 
only on conductive targets. Once the Ar+ plasma is triggered, the species ejected 
from the target, mostly metal ions and electrons, travel to the deposition substrate, 
working as the anode (+). Two Ti targets were mounted on the AC magnetrons, 
while a Ta target was positioned on the DC one. Prior to the deposition, the chamber 
was cleaned with a vacuum cleaner to reduce the risk of cross-contamination from 
metal residues and 5-min warm up was performed on the targets to remove the top 
layer of the surface. Ultimately, the chamber was pumped down to 6.6 × 10-6 mbar 
before proceeding with the deposition. The applied power on the AC Ti targets was 
fixed at 300 W while a series of deposition power was considered on the DC Ta, 
spanning from 0 to 250 W, with a 50 W step.  
Similarly, the fabrication of titanium-titanium nitride alloys was carried out 
on the same system. The applied power on the AC Ti targets was fixed at 300 W 
while the TiN was mounted on the DC target. The power was varied from 0 to 250 
W. 6 DC power were considered, leading to the deposition under 6 different 
conditions with a 50 W power step on the TiN DC target.  
The deposition was carried out at a pressure of 2.6 × 10-3 ± 0.1 mbar. Ar was 
used as a carrier gas at a nominal flow of 20 sccm. The sputtering duration was set 





Figure 3.1 Schematic of Intlvac Nanochrome PVD deposition apparatus 
 
3.3 Anodization 
3.3.1 Samples conditioning  
Prior to electrochemical anodization Ti foils were mechanically polished by 
grinding with a 1200 grit SiC paper for 1 min. 
The titanium sheets were cleaned by ultrasonicating in acetone for 10 min, 
ethanol solution for 10 min prior to being ultrasonicated in Milli-Q water for 
additional 10 min and dried in air for 1h. The ultrasonication was conducted in a 
water bath machine (FS3000b, Decon). 
 
3.3.2 Electrochemical cell 
The anodization experiments were carried out in a custom-built two-electrode 
electrochemical cell shown in Figure 3.2 with a piece of 1 cm2 of Pt foil as the 
cathode. Both the electrodes had the same area exposed to the solution, nominally 
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1 cm x 1 cm. The electrochemical cell consisted of a Teflon beaker containing the 
etching solution, with two electrodes immersed and kept at fixed distance of 2 cm. 
No stirring was applied to the system, while the exposed area of both the electrodes 
was 2 cm x 2 cm. A DC power supply (BK Precision, 9124, LabVIEW software) 
was used to control and datalog the experimental current and voltage, which was 
fixed for each experiment and varied between 10 to 60 V in order to assess the 
impact on tube morphology. The electrolyte contained 0.3 wt% NH4F, 2 % 
v/v Milli-Q Water, and ethylene glycol 98 % v/v. The experiments were conducted 
at room temperature of 25 °C. After anodization, the specimens were cleaned in 
ethanol and dried with an airstream for 1 h. 
 
 
Figure 3.2 Schematic of anodization apparatus. 
 
3.3.3 Post treatment annealing 
Annealing treatment was performed to crystallise the amorphous structure 
of the TNTs resulting from the electrochemical anodization. The samples were 
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subsequently thermally annealed at 450 °C for 1 h, with a ramp of 2 °C /min, in a 
GSL 1100X tubular furnace (MTI Corporation) with Ar set as carrier gas. The 
annealing temperature was selected in order to crystallise anatase crystals, which 
are known for their superior catalytic activity in TNTs [290, 313, 314]. 
 
3.4 Atomic Layer Deposition 
The ALD deposition of Pd was carried out in a low-pressure thermal (home-
built) ALD reactor (Gianna Equip startup). The ALD unit is presented in Figure 
3.3 and has already been applied in previous studies [444, 445]. 
 
 
Figure 3.3 ALD Unit (Gianna Equip startup). (with permission from the 
European Institut of Membranes, Montpellier, IEM) 
 
The precursors are contained in cylinders that are enclosed via a manual 
valve to regulate the transfer of reactants. The cylinders are connected to the ALD 
body via pneumatic valves (Swagelok). The vacuum line contains an additional 
valve to prevent any backflow from the reactor and sustain the vacuum. The 
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sequence of pulsing and purging are regulated via the by a mass flow control 
(Brooks) remotely operated from a software. The Swagelok tubes surrounded by 
heating lines were covered by aluminium foil in order to insulate the ALD line from 
heat dispersion. The precursors, consisting of Pd(hfac)2 and formalin as reducing 
agent, were contained in stainless steel cylinders whose lines were heated at 70 °C 
and 100 °C to avoid condensation, while the deposition chamber was pre-heated at 
220 °C. Ar was used as carrier gas. The ALD cycle used for this study consisted of 
the optimised sequence of 5 s pulse of Pd(hfac)2, 15 s exposure, and 10 s purge, 
while the formalin had 1 s pulse, 15 s exposure, and 60 s purge. 
The base pressure reached prior to the deposition was 1 10-2 mbar. 
A schematic of the ALD apparatus is presented in Figure 3.4 
 
 




3.5 Characterization techniques 
Advanced characterisation techniques were used to investigate and analyse the 
principal morphological, microstructural and chemical properties of the materials 
synthesised in this PhD Thesis. 
 
3.5.1 Surface Morphology 
3.5.1.1 Scanning Electron Microscopy 
SEM analysis was used to evaluate the surface properties of the TNTs including 
their surface porosity, pore density and pore size distribution. SEM analysis 
provides information on surface analysis, allowing for the identification of specific 
features at a resolution of 10-20 nm, as well as revealing the presence of defects or 
impurities. 
Scanning electron micrographs were acquired on a JEOL JSM 7800F SEM 
and Zeiss Supra 55VP FEG SEM at an accelerating voltage of 5 kV and a working 
distance of 5 mm. The detectors used for the analysis were a Zeiss Secondary 
Electron detector and InLens for higher surface resolution. The samples were 
mounted on aluminium stubs with carbon tape and silver paste to improve the 
grounding and avoid undesirable charging. Carbon coating was applied prior to the 
analysis to furtherly improved the conductivity. A 2-nm carbon deposition was 
performed on a Leica ACE600, subsequently the samples were immediately 
mounted on the Supra 55VP to avoid any coating loss. 
Graphic analysis of the acquired micrographs was conducted on ImageJ, a 
professional graphic software conventionally used to determine the size of 
nanofeatures, such as nanoparticles or pores. The statistics concerning the surface 
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morphology, including the pore size and pore size distribution, was calculated on 
a sample size of at least 80 pores. Further analysis on the TNT geometry was 
carried out to investigate the dimension of their nanoarchitecture, including inner 
diameter, outer diameter and wall thickness. In this regard, the analysis was 
carried out on the graphic software Gimp on at least 10 relevant samples. The 
graphic analysis performed on SEM micrographs was then compared to the SAXS 
modelling, discussed in paragraph 3.5.1.2, to confirm its validity. 
 
3.5.1.2 Small Angle X-ray Scattering 
SAXS and WAXS analysis allows for the resolution of features in the range of 
a few Å to hundreds of nm. The evaluation of the scattering vector q provides more 
insight into the nano-scaled morphology, according to  




        (3.1)   
Where 𝜃 is the angle within the incident radiation and the detector and q the 
scattering vector. The presence of peaks over the variation of scattering vector can 
provide an evidence of the presence of nano-sized features in the matter. 
Furthermore, an estimation of the specific surface area can be calculated by the 
variation of the ratio within the scattering slope K and the integration of the 
scattering vector q. 
Small Angle X-ray Scattering experiments were carried out at the Australian 
Synchrotron, operated by ANSTO. The Synchrotron SAXS allows for the variation of 
resolution by modifying the camera length up to 7 m. in situ dynamic study of the 
growth and formation of TNTs was carried out but not included in this PhD thesis as 
discussed in the Conclusion. The scattering patterns were analysed on the Scatterbrain 
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2.10 software following procedures previously described [446, 447]. The detector 
consisted of a Pilatus 1M with a beam energy of 16 keV. A camera length of 7.236 m 
was used for this study with a wavelength of 0.774901 Å. The samples were mounted 
on static plates, beam size was of 150 μm × 150 μm and 1 s acquisition time was set 
for each sample. The scattering patterns and the resulting spectra in the q-I plane 
were analysed on Igor Pro 6.37 software equipped with the IRENA package. 
Modelling II was used to conduct the knee fitting at given intervals. Details of the 
analysis are provided in the Appendix 1, 2 and 3 of each chapter. 
 
3.5.1.3 Atomic Force Microscopy 
AFM analysis was carried out on a Bruker Dimension Icon Scanning Probe 
Microscope (SPM) connected to a NanoScope V Controller. Tapping mode was 
used for the AFM mapping and imaging. The AFM probes (Ted Pella, TAP300-G-
10, silicon AFM probes, no coating) presented resonance frequency and force 
constant of 300 kHz (±100 kHz) and 40 N/m, respectively. The topography 
mapping was carried out on three different spots for each sample, with a scan rate 
of 0.5 Hz, and scan size of 1 μm at 512 samples/lines. The amplitude setpoint was 
fixed at 351 mV. Data analysis was performed on a Nanoscope 8.4 software. 
 
3.5.1.4 Ellipsometry 
Ellipsometry was carried out ex situ on a J.A. Woolam M-2000DI 
spectroscopic ellipsometer. Measurements were performed at an angle of incidence 
of 60, 65 and 70° with a spectral range of 192 – 1690 nm provided by deuterium 
and quartz halogen lamps. For curve fitting, CompleteEASE software (J.A. 
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Woolam) was used and B-spline formula provided by the software library adopted 
to model the film thickness. 
 
3.5.2 Microstructure 
3.5.2.1 X-ray Diffraction 
XRD measurements were conducted using X’Pert Pro MRD XL 
(PANalytical), with Cu Kα anode (1.5405 Å), operating at 40 kV and 30 mA. Prior 
to the analysis, the beam size was set to 3 mm × 3 mm. Z-axis calibration was 
performed prior to each scan to individuate the sample surface. The measurements 
were performed with a 2θ varying from 8 to 80 °2θ while ψ and χ rotation angles 
were fixed at 0. a step size of 0.02 °2θ, and a time per step of 0.5 s were used. 
X’Pert HighScore was used for background removal and peak assignment 
according to the ICDD PDF2 Library. 
 
3.5.3 Surface chemistry and depth profiling 
3.5.3.1 X-ray Photoelectron Spectroscopy 
XPS is a powerful surface analysis technique used for qualitative and 
quantitative elemental and oxidation states evaluation. The XPS spectra is obtained 
from simultaneous measurement of the kinetic energy and number of electrons that 
escape from the top of 0 to 10 nm depth of the material analysed. Core electrons 
extracted by different energy levels occur on the spectra at different binding 
energies, depending on the attraction within the nucleus and the electron. Different 
oxidation states can be also evaluated and normally appear on the XPS spectra as 
the electronic environment strongly affect the removal from the core by altering the 
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inner interactions [448]. This technique is therefore extremely useful in surface 
analysis of those compounds were different oxides can be present, or molecular 
bonds altered by chemical reactions. Depth analysis is also available via 
progressive etching, which must be however finely controlled to avoid preferential 
etching. An ion gun is also available to prevent surface charging during the 
experiment.  
The XPS analysis presented in Chapter 4 was carried out at the RMIT 
Microscopy and Microanalysis Research Facility (RMMF), using a K-Alpha X-ray 
photoelectron spectrometer (Thermo Fisher Scientific). An Al Kα (1486.6 eV) X-
ray source was used as the excitation source, and the anode was maintained at 
250 W, 10 kV, and 27 mA at a chamber pressure of 5 × 10−8 ± 0.1 Pa with an oval 
beam spot size of 400 μm × 400 μm. The survey spectra were acquired on 10 scans 
and a pass energy of 100 eV, while the high-resolution elemental scans were 
conducted on 10 scans and a pass energy of 20 eV. For each sample, three different 
spots were measured for statistical relevance. In a typical setup, the X-ray source 
was set at 45 μm from the sample surface while the angle between the analyser and 
the sample surface is 90. The depth profiling XPS analysis was performed with an 
Ar+ ion gun operating at fixed excitation energy source of 1000 eV and etching 
time of 80 s, resulting in a nominal etching of 0.12 nm/s calculated on Ta2O5 
reference. For this analysis, seven consecutive etching were carried out and the XPS 
survey and elemental analysis were performed for each level. Shirley backgrounds 
were introduced and quantitative analysis was carried out based on the Relative 
Sensitivity Factors (RSF) for each element in accordance with the CasaXPS library. 
The spectra were then deconvoluted using the CasaXPS software and the high 
resolution peaks fitted with a mixed Gaussian-Lorentzian function (GL30), as 
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previously reported [449, 450]. The asymmetric shape of Ti (0) in the Ti 2p spectra 
is fitted with a LA(1.1,5,7) [450]. Prior to the computational analysis, the C peaks 
were centered at 284.5 eV. The HR spectra analysis was conducted according to 
the references for each element, whilst peak positions and FWHM are fixed with a 
maximum deviation of ±0.1 eV. 
The XPS analysis presented in Chapter 5 and 6 was conducted on a Kratos 
AXIS NOVA spectrometer (Kratos Analytical Ltd, Manchester, UK) using a 
monochromatized AlKa X-ray source (1486.6 eV) operating at a power of 150 W 
(10mA, 15kV). Survey and High Resolution spectra were acquired at 100 and 20 
eV pass energies, with 10 and 20 scans, respectively. A defined area using the 110 
um aperture was analysed on each sample. The sputtering profiling of the films was 
carried out by an argon ion beam with a beam energy of 1 keV. The raster size 
(etched area) was 1.5 mm x 1.5 mm and the sputtered times were: 0s, 90s, 180s and 
270s. An etching rate of 0.12 nm/s was calculated from a Ta2O5 reference. Shirley 
backgrounds were introduced and quantitative analysis was carried out based on 
the Relative Sensitivity Factors (RSF) for each element in accordance with the 
CasaXPS library. The spectra were then deconvoluted using the CasaXPS software 
and the high resolution peaks fitted with a mixed Gaussian-Lorentzian functions 
(GL30), asin Chapter 4. Prior to the computational analysis, the C peaks were 
centred at 284.5 eV. The Pd 3d spectra was deconvoluted with mixed Gaussian-
Lorentzian curves (GL30) for Pd oxides [451], whereas an asymmetric Lorentzian 
function LA (1.2, 3.5, 7) function was used for the metal Pd(0) state. The analysis 
was carried out by using doublets with a spin‐orbital splitting of 5.26 eV and an 
intensity ratio Pd 3d5/2/Pd 3d3/2=3/2. 
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The N1s spectra were deconvoluted with mixed Gaussian-Lorentzian 
functions (GL60). The analysis of the high resolution spectra of each element is 
presented in Appendix 1, 2 and 3 with a comprehensive assessment of peak 
assignment, peak position and relative FWHM. 
 
3.5.4 Optical Properties 
3.5.4.1 UV-visible Spectroscopy 
The UV-Visible analysis was conducted on diffuse reflectance 
spectroscopy mode. The spectra were acquired on a LAMBDA 1050 UV-Vis 
spectrophotometer (Perkin Elmer, United States) equipped with a 100 mm Diffuse 
Reflectance and Transmission Integrating Sphere accessory (Perkin Elmer). The 
reflectance port was removed in order to remove the contribution of the specular 
reflection from the total reflectance and single out the diffuse reflectance. 
Calibration was conducted on a Spectralon standard. UV WinLab software was 
used for data acquisition at a fixed scan speed of 485.33 nm/s. The Kubelka-Munk 
function was calculated as: 
Equation 3.2. Kubelka Munk function  






          (3.2) 
Where R is the absolute reflectance, A the absorbance, c the concentration of 
the absorbant and s the relative scattering coefficient. When the last 2 parameters 
are unknown, F(K-M) can be used to provide an approximation of the absorbance 




3.5.4.2 Photocurrent measurements 
Photoelectrochemical measurements were carried out in a three-electrode, 
single-compartment quartz cell on an electrochemical station (CHI 660E) as 
described in previous studies. [21] The series of TiO2 nanotubes and Pd-TiO2 
served as working electrode, with a nominal area of 1 cm2. A platinum sheet and a 
saturated calomel electrode (SCE) served as counter electrode and reference 
electrode, respectively. An aqueous solution of 0.1 M Na2SO4 was used as 
electrolyte. The light source consisted of a 300 W Xenon lamp with ultraviolet filter 
(λ > 400 nm) with a working distance of 10 cm from the electrochemical cell. A 
bias voltage of 0.5 V was applied to drive the electrons towards the counter 
electrode. Three light on-off cycles with a light exposure of 20 s were carried out 
to assess the photocurrent density generated upon irradiation. 
 
3.6 Catalytic degradation of organic molecules 
UV and visible light were applied on the system through an OmniCure S2000 
UV lamp. Two different light filters (OmniCure) with a respective wavelength of 
320-480 nm and 400-500 nm were applied. For each filter, the irradiance was 
calculated by an OmniCure R2000 Radiometer and fixed at 180 mW/cm2 for the 
UV/visible and 80 mW/cm2 for the visible light filter, respectively. The spectral 
output of the UV lamp is presented in Figure 3.5. The catalytic degradation of 
organic molecules was carried out in the apparatus presented in Figure 3.6. The 
reactor dark chamber was sealed and covered with aluminium foil to avoid any 
external light exposure. The catalytic substrates with a nominal anodized active 
area of 1 cm2 as highlighted in section 3.3.2 were placed at the bottom of a Pyrex 
beaker and dipped into a 10 ml 2,4 D or Methylene Blue (MB) aqueous solution (5 
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mg/L) by following established protocols [406, 452]. The distance between the 
catalytic substrates and the lamp iris was fixed at 10 cm. Prior to the experiment, 
the catalytic system was stored in the dark for 30 min in order to reach the 
absorption-desorption equilibrium. The UV-visible light was irradiated from a 
circular aperture at the top of the chamber where the lamp module, connected to 
the OmniCureS2000 source via a light guide, was inserted and locked. The catalytic 
experiments were conducted at room temperature, no additional temperature 
control was applied on the system. The ultraviolet visible (UV-Visible) absorbance 
spectra of MB aqueous solution were obtained from USB-2000 ultraviolet visible 
spectrometer (Ocean Optics, United States). The MB and 2,4 D absorbance peaks 
at the wavelength of 665 nm and 228 nm were evaluated, respectively, by sampling 
the solution at fixed time intervals. 
 
 









Chapter 4. Fabrication of photocatalytic TiO2-Ta 
nanoporous substrates 
4.1 Introduction 
Over the last few decades, TiO2 has surged as an attractive material for 
photocatalytic applications in water treatment domain due to its intrinsic activity 
under UV irradiation [454, 455]. Nanostructured TiO2 materials including nano-
particles, sheets or fibres offer exceptional properties that can be beneficial in 
various fields where a high surface area to volume ratio is required. TiO2 nano-
architectures were efficiently implemented in applications such as dye-sensitized 
solar cells, sensors, membrane separation and photo or electrocatalytic degradation 
of organic pollutants [58, 456, 457].  
In these cases, the investigation of surface and interface properties plays an 
essential role to provide and eventually enhance the expected efficiency [163]. 
Properties such as well-defined and homogeneous surface morphology, high 
specific surface area and facilitated electronic transfers are required to improve the 
catalytic efficiency in photo and electrocatalysis [53]. To address these 
requirements, titanium dioxide nanotubes (TNTs) fabricated by electrochemical 
anodization have been studied and their morphological and geometrical aspects, 
such as porosity, tube density, length and even interfacial grain boundaries deeply 
investigated [458]. TNTs with pore size distributions from 12 to 350 nm, wall 
thickness from 5 to 34 nm and tube length from the nanoscale to microns have been 




The major challenge limiting TiO2 catalytic activity is its band gap as UV-
light irradiation is required to trigger the electron-holes generation in the semi-
conductor [37, 67]. A promising way to modify the optical properties and shift the 
light activation consists of doping the TiO2 lattice with a foreign atom, such as a 
transition metal [58, 66]. Commercial Ti alloys can represent a valid option due to 
the pre-existent microstructure containing one or more foreign doping elements, 
avoiding expensive, time-consuming post-treatment chemistry [459, 460]. 
Transition metals such as V, Nb and Ta have been widely used to fabricate Ti alloys 
because of their stability and easy incorporation into the Ti lattice [452, 461]. 
Among these candidates, Ta emerges as a valuable option for its properties as the 
capability of enhancing the corrosion resistance [462, 463] and effect on reducing 
the TiO2 band gap [452, 464]. Although commercial Ti-Ta alloys, typically 
fabricated by arc-melting, are commercially available, limited control over 
chemical or microstructural properties is provided, warranting further thermal or 
chemical treatments to achieve the desired properties [465].  
This Chapter explores a novel strategy to control and tailor the chemical 
composition and microstructure of Ti-alloys, allowing for the optimisation of the 
surface morphology and the photoresponse of the doped TiO2 photocatalysts upon 
anodization. Physical Vapour Deposition (PVD) co-sputtering of Ti and another 
transition metal, such as Ta, can offer a flexible and versatile solution to create a 
customized alloy with controlled surface morphology and chemical composition 
[466-468]. PVD sputtering has been beneficial to fabricate thin films with enhanced 
electronic and optical properties [469], nevertheless no reports are available on 
PVD sputtering of Ti alloy to investigate the properties of TNTs upon 
electrochemical anodization. Furthermore, little or no studies are available on the 
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impact of Ta content on the anodization process of Ti-Ta alloys and final 
geometrical and morphological peculiarities. 
In this Chapter, the fabrication of sub-10 nm nanoporous Ti/Ta mixed 
oxides substrates by electrochemical anodization with excellent catalytic activity 
upon irradiation with visible light is reported. The addition of Ta and its final 
content into the Ti matrix, the surface oxidation state of the two metals as well as 
alloy morphology tailored by the PVD deposition conditions, are correlated to the 
electrochemical process to evaluate the final surface morphology upon anodization 
and optical properties of the catalytic substrates. The evaluation of these parameters 
is critical for an efficient, cost-effective application in advanced oxidation 
processes by ruling out UV-light activation and extending potentially to other 
applications where the use of sun-light as radiation source is desirable, including 
solar cells, H2 generation by photocatalytic water splitting, CO2 photo-conversion 
for fuel production and state-of-the-art battery technology [403, 470-472]. 
 
4.2 Results and Discussion 
The mixed Ti-Ta films were formed by metal sputtering and the TNTs and 
their alloys generated by anodization, as described in paragraph 3.2. The 
morphology and microstructure of both the thin films and the anodized porous 
substrates were evaluated (Figure 4.1.A). The as-sputtered films consist of grains 
growing as columnar-like structures with quasi-geometrical shape and sharp edges, 
in good accordance with a previous study [467]. The dependency of the grain 
morphology and texture shown in Figure 4.1.B indicates that as the applied power 
on the metal targets increases, the grains tend to become larger, more strained and 
elongated, with a maximum of 7,500 nm2 for Ti Ta 100 W corresponding to almost 
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a fourfold increase from 1940 nm2for pure Ti. Along with the increase in surface 
area, the grain Feret reaches a maximum at 250 W at 171 nm, three times higher 
than pure Ti, confirming the relationship between applied power and texture 
reported in previous studies [466, 473]. Further information on the surface texture 
is presented in Figure A.1, Figure A.2 and summarized in Table A.1, confirming 
that the nano-texture presents a smooth surface, with sub-10 nm mean roughness. 
 
 
Figure 4.1. SEM micrographs of as-deposited Ti-Ta thin films and anodized films 
(A) at different Ta sputtering powers: 0 W, 20 W, 100 W and 200 W. Grain surface 
and Feret analysis of the Ti Ta alloy (B), surface porosity and pore size calculation 
of the anodized films (C), nanotube geometrical parameter as Outer Diameter (OD), 
Inner Diameter + Wall Thickness (ID+WT) (D), Wall Thickness (E), SEM and 




Upon electrochemical anodization, the substrates present a nano-porous 
surface layer partially covering the nanotube arrays grown below. The SEM 
micrographs shown in Figure 4.1.A reveal that the surface morphology presents 
nanopores in the sub-50 nm scale across the entire series. The Ta sputtering power 
is firstly correlated to the surface pore size as reported in Figure 4.1.C. There is 
one distinct transition at low Ta sputtering power of 20 W, where the average 
geometric pore size drops quickly from 33.5 nm for pure TiO2 TNTs, to 20 nm a 
reduction of almost 40%. It can be therefore assumed that a slight amount of Ta 
introduced into the original Ti-Ta film can induce a severe variation into the surface 
morphology, thus generating nanopores of remarkable smaller size, as will be 
presented in Table A.4. As the sputtering power increases, the pore size is further 
reduced to 12 nm at 100 W down to a minimum of 8.9 nm at 250 W Ta power input. 
Interestingly, the pores seem to be primarily located at the grain boundaries and are 
more visible for the samples formed at higher Ta deposition power such as 150 W 
or more (Figure 4.1A and Figure A.3). These results indicate that the chemical 
composition on the surface of Ti-Ta alloy is likely to play a role as the sputtering 
power influences the Ta deposition rate. 
The presence of nanotubes below the surface of top-layer can be observed 
in the insets in Figure 4.1.A and in Figure A.4, through the fractures present across 
the matrix upon thermal annealing, typically related to stress-release and 
crystallization [474]. The presence of a post-anodization layer is consistent with the 
literature available on nanotube growth and anodization [315, 465]. However, in 
the present case, the techniques normally applied to overcome this issue and 
eliminate the top-layer, such as a 2-step anodization, could not be carried out, 
considering that the anodized substrates consist of a deposited thin film. The 
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nanotube morphology varies considerably across the series of samples, depending 
on the Ta sputtering power. For a pure TiO2 film, a larger porous structure can be 
revealed from SEM images (inserts in Figure 4.1.A). In this case, as shown in 
Figure 1D, the inner and outer diameters are 30.4 nm and 62.9, respectively 
although the geometrical features of the nanotubes are not as well defined as the 
rest of the series. Nevertheless, as Ta power increases, the nanotube morphology 
dramatically changes and the tubular shape is developed. At low Ta sputtering 
power, such as 10 W or 20 W, the tubes have a relatively large outer diameter (OD) 
and thin wall thickness (WT), standing at 45.2 nm and 11 nm, respectively as shown 
in Figure 4.1.E. As the Ta sputtering power increases, the pore aperture decreases 
and the wall thickness becomes progressively thicker. There are two transitions 
with the pore change (Figure 4.1.D). The first transition can be evidenced between 
20 and 50 W, with tube diameter decreasing from 45.3 nm to 41.8 nm in outer 
diameter and average wall thickness increasing from 10.9 nm to 13.7 nm. The 
second transition towards a steady state occurs between 150 and 250 W of Ta 
deposition power. In this case, a third tube morphology is revealed, with a minimum 
tube outer diameter of 38.3 nm for a Ta deposition power of 150 W and a maximum 
wall thickness of 16 nm for a deposition power of 200 W, respectively. This result 
demonstrates a different trend for tube morphology other than  what was found in 
previous reports on Ti-Ta alloy nanotubes, where the average diameter 
corresponding to a low at% Ta content, such as 0.4at%%, of a higher loading such 
as a 25 wt%% Ta, was varying between 70 and 150 nm [464, 465]. This evidence 
indicates that other properties, such as microstructure and surface morphology, 
have a remarkable impact on predicting and optimising the geometrical 
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characteristics of the anodized nanotubes other than merely the chemical 
composition of the alloy. 
In order to confirm the morphological analysis conducted on the SEM 
micrographs, the morphology was further investigated by the Small Angle X-ray 
Scattering (SAXS) scattering intensity (Figure A.5). The knees observed along the 
raw 2-D SAXS patterns were assigned to specific scattering features as in previous 
studies [447], such as outer diameter, wall thickness, and inner diameter 
distributions. The results are combined in Figure 4.1.D and Figure 4.1.E, 
confirming the overall trend observed from the SEM micrographs on the variation 
of outer diameter and wall thickness. Specifically, these two parameters present a 
relative error between 1% and 20% and between 2% and 21%, for the outer 
diameter and wall thickness, respectively, as summarized in Table A.2. The largest 
variation of SAXS results from the SEM analysis is assigned to the pure TiO2 
sample. This result may be likely due to the poorer geometrical definition of the 
nanotube morphology than the TiO2 with Ta loading, as in Figure 4.1.A. 
Consequently, the evaluation of the SEM micrographs is affected by a larger 
margin of error. The variation of geometrical features across the series analysed on 
both SEM micrographs and SAXS scattering is however very similar as they both 
follow the same trend in terms of decrease of OD and increase of WT, hence 
confirming that the surface and tube morphology can be varied upon the increase 
of sputtering power.  
The chemical composition of the substrate prior and post anodization was 
analysed by XPS depth-profiling. The thin films reveal a homogeneous bulk 
content of metals with a progressive decrease of Ti and increase of Ta as the 
sputtering power applied on the Ta target increases from 10 W to 250 W, (Figure 
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4.2.A, Figure 4.2.C and Figure A.6). Similarly, Figure 4.2.C and Figure 4.2.D 
reveal a slightly different composition for both sputtered and anodized TiTa from 
the top layer to the core material with a transition corresponding to the anodization 
top layer of approximately 20 nm in thickness, consistent with previous reports on 
PVD sputtered thin films [315, 475]. The presence of organic contamination and 
fluorides is also shown, confirming that the organic electrolyte is partially absorbed 
or trapped in the pores upon the electrochemical treatment [476]. The depth 
profiling analysis is summarized in Table A.3.  
 
 
Figure 4.2 Elemental composition of as-deposited Ti-Ta films and anodized films 
calculated by XPS analysis at different Ta sputtering power: ▬ 10 W, ▬ 20 W, ▬ 
50W, ▬ 100 W, ▬ 150 W, ▬ 200 W, ▬ 250 W, representing Ta at% and Ta/Ti 




The calculation of the elemental content confirms that as the Ta sputtering 
power increases, the Ta loading increases accordingly up to a maximum of 23 at% 
Ta for the core of the Ti-Ta alloy that corresponds to a 250 W Ta sputtering power. 
Three different chemical composition bands can be observed, the first 
corresponding to a sputtering power from 10 to 20 W with a Ta/Ti ratio below 0.1. 
The second band is for 50 and 100 W Ta sputtering power, with a Ta/Ti ratio 
between 0.57 and 0.88 and the third group attributed to 150, 200 and 250 W Ta 
deposition power, with a Ta at% loading varying from 20.5 to 23 at% and a 
maximum Ta/Ti ratio of 2.77. Interestingly, these three groups corresponding to 
three significantly different compositions comply with the different surface texture, 
morphology and tube dimension observed, confirming that these characteristics are 
strictly dependant on the Ti-Ta alloy composition and can be controlled by tuning 
the Ta sputtering power, as summarized in Table A.4. 
Microstructural crystallization was induced on the substrates by annealing 
to improve the catalytic performance, as amorphous TiO2 is known to be a less 
efficient photocatalytic material. The microstructure of the as-deposited films was 
investigated by XRD analysis (Figure A.7). The deposited pure Ti film presents 
only one peak at 69.19°, which can be assigned to the Si (400) substrate. However, 
the β-titanium film spectra from the literature (ICDD: 04-003-7297) presents the Ti 
(211) at slightly higher intensity, at 69.6°. The peak broadening from the pure Si 
(100) substrate to the as-deposited Ti film could potentially be considered as a clue 
that partially crystalline Ti (211) planes are indeed present. As for the as-deposited 
Ti-Ta films, the presence of (110) crystal plane from β-titanium at 38.62° is 
revealed whilst (400) planes from Si are clearly visible only on Ti-Ta deposited at 
10 W Ta power, while the peak intensity progressively decreases as the Ta 
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deposition power increases. The presence of β-Ti phase in Ti-Ta alloys is in good 
agreement with the literature, confirming the role of Ta as β-Ti stabilizer [477]. 
Less significant peaks of low intensity assigned to β-Ti (200) planes at 82.6° are 
visible from Ti-Ta 20 W to Ti-Ta 200 W. The partially crystallized nature of the 
deposited films is therefore confirmed, which is consistent with previous reports 
[466]. Nonetheless, there is no clear evidence of crystallization of Ta. Interestingly, 
the Ti-Ta 250 W film shows a broader peak than the rest of the series at 69.29°, 
whose characteristic can potentially be attributed to the partial formation of Ta 
(211) planes at 69.58° (ICDD: 00-001-1182). 
The variation of the microstructure upon thermal treatment of the anodized 
samples can be observed in Figure A.8, where Si (400) peaks previously discussed 
were removed. Crystal planes typically attributed to TiO2 anatase (ICDD: 04-06-
9240) can be shown in the XRD micrographs across the series, typically at 25.4° 
(101). Other peaks with intensity weaker than (101) attributed to anatase can be 
observed at 48.1°, 54.1° and 62.8°, corresponding to the crystal planes (200), (105) 
and (204), respectively [478]. However, these peaks only appear for TiO2 – 0.5 at% 
Ta and do not occur for the rest of the series. The first two elements of the series, 
corresponding to Ti-Ta 10 W and Ti-Ta 20 W having a Ta loading of 0.2 at% and 
0.5 at% respectively, reveal further crystal planes. For a 0.2 at% Ta loading, the 
presence of tantalum oxide (111) (ICDD: 04-003-6375) can be observed as a broad 
peak appears at 35°, while the peak at 36.6 (ICDD: 00-025-0922) can be attributed 
to Ta2O5 (1 11 1). Conversely, TiO2 – 0.5 at% Ta shows no sign of these specific 
crystal planes whilst the peak occurring at 28.7 can be assigned to Ta2O5 (200). 
Interestingly, the presence of rutile TiO2 (ICDD: 00-021-1272) for TiO2 – 0.5 at% 
Ta can be evidenced from the observation of peaks appearing at 27.4°, 54.3° and 
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56.6°, corresponding to (110), (211) and (220) crystal planes, respectively. The 
limited crystallinity concerning Ta2O5 is in good agreement with previous reports, 
where partial crystallisation could be obtained below 500 °C [479] or up to 600 °C 
[480].  
Further insights into the variation in microstructure across the series of the 
anodized samples at different Ta sputtering power and at% content can be gained 
by observing the shifting of the peak occurred at 38.04° for annealed pure TiO2. 
This peak is constantly shifting towards lower angles down to 37.7° and 36.7° for 
a Ta loading of 22.5 at% and 23 at%, respectively. However, its position does not 
match the previously described (110) crystal plane from β-Ti occurring at 38.62° 
and it can be therefore attributed to (004) crystal plane for anatase (ICDD: 04-006-
9240). Nonetheless, the fact that this peak is progressively broadening across the 
series may suggest that other crystal planes have been formed, such as (201) and 
(211) of Ta2O5 (ICDD: 00-025-0922) at 37.06° and 37.17°, respectively. The 
different microstructure revealed across the series can affect the charge carrier 
mechanism upon light activation and, together with other properties, accounts for 
the catalytic performance of TiO2-based materials. 
The optical properties of the annealed substrates were assessed to evaluate 
the band gap of the Ti-Ta films. The Diffuse Reflectance Spectroscopy (DRS) of 
the substrates was calculated [481] and the the Kubelka-Munk (F(K-M)) function 
as expressed in Equation A.2 was used as an approximation of the thin film 
absorption [482, 483]. The acquired patterns of Kubelka-Munk function are 
presented in Figure 4.3.A. The F(K-M) presents an oscillatory trend that is typical 
in thin films that are typically affected by the interference phenomenon [479, 484, 
485]. It is assumed that the constructive and destructive interferences are generated 
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by the difference in refractive index between the film and the support when the 
beam goes through the different layers [486], consisting in this case of a 10-20 nm 
porous top layer, an array of nanotubes with geometrical parameters depending on 
the sputtering power, and the Si substrate. The analysis of the F(K-M) reveals a 
maximum absorption edge between 400 and 500 nm corresponding to a Ta loading 
of 17.4 at%, conversely as the content of Ta increases further, this edge becomes 
less pronounced and disappears at a Ta loading of 23 at%.  
 
 
Figure 4.3 Kubelka-Munk function (A) for series of anodized TiTa films at 




The semi-conductor band-gap was subsequently calculated via a Tauc plot, 
according to the Equation A.3 and Equation A.4 and the results, attributed to a 
direct band-gap transition, are shown in Figure 4.3.B. The band-gap value of 3.44 
eV calculated for pure TiO2 is in good agreement with value reported in literature, 
assigning a direct band-gap value for TiO2 nanotubes spanning from 3.1 to 3.87 eV 
[62, 467, 484]. On the contrary, pure Ta2O5 presents a higher band-gap than TiO2, 
standing at 3.9 eV, and it has therefore no visible light activity [487]. In this case, 
the minimum band-gap of 2.91 eV is registered for a Ta loading of 17.4 at%, , 
representing a 15% decrease from pure TiO2. Conversely, the highest Ta Ta loading 
(23 at%) corresponds to the highest band-gap value, 3.31 eV. Interestingly, the 
analysis of Figure 4.3.B reveals that the reduction of band gap is not linearly 
dependent on the Ta loading, hence there is an optimal Ti-Ta alloy composition at 
which the visible light absorption will be enhanced. 
 The variation of band-gap across the series and the presence of a minimum 
can be ascribed not only to the Ta loading, but also to the specific surface 
morphology of each sample. The impact of the TiO2 substrate on the optical 
properties has therefore been investigated. It has been reported that an increase in 
tube diameter from 30 nm to 90 nm leads to a decrease in direct band gap from 3.31 
eV to 3.2 eV [488]. Another study investigated the impact of tube wall thickness 
on the band gap, registering a decrease of Eg from 4.03 to 3.64 eV when the wall 
thickness increased from 2 to 30 nm [489]. This is particularly evident when the 
wall thickness is below 10 nm where a steep increase in band gap takes place, due 
to the quantum confinement of the electrons as the linear dimension approaches the 
Bohr radius of TiO2, which has been estimated to be between 1 and 10 nm [260]. 
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In this study, however, the nanotubes are only partially observable while the surface 
morphology varies with the Ta loading in the matrix. In terms of band-gap 
modification, it has also been reported that the introduction of Ta would induce Ta 
5d states near the minimum of the conduction band in TiO2 [484]. Different 
morphologies, crystallisation and synthesis protocols can also affect the final band 
gap of Ta-doped TiO2 [490]. It can be therefore assumed that the non-linear 
variation of band-gap and the presence of a band gap minimum can be ascribed to 
a complex combination of phenomena, including the variation of morphology as 
noted in Figure 1 as well the presence of additional charge carriers due to the 
introduction of Ta and generation of defects in the TiO2 structure. Nevertheless, the 
band-gap increases after reaching a minimum, in agreement with previous reports 
[484], which can be likely attributed to the increase of charge recombination centres 
due to an excess of doping and the formation of Ta2O5 which has a higher band-
gap than TiO2 [491]. 
The specific composition in terms of Ti and Ta oxides was consequently 
investigated to determine the presence of Ti or Ta suboxides with potential 
favourable catalytic impact. Substrates such as pure TiO2, TiO2 – 0.5 at% Ta, TiO2 
– 17.4 at% Ta and TiO2 – 22.5 at% Ta, representing different surface chemistry and 
morphology, were selected to carry out the catalytic tests. Prior to the evaluation of 
the catalytic performance, the chemical composition was assessed in detail with 
High Resolution XPS (Figure 4.4.A and Figure A.9). The Ti 2p spectra were 
evaluated. The orbital split related to Ti (IV) 3/2p and 1/2p is clearly shown at 458.8 
eV (FWHM = 1.2 eV ) and 464.5 eV (FWHM = 2.2 eV ), respectively, in good 
agreement with observation reported in the literature [450, 492]. Two more 
oxidation states are however present, as Ti3+ (Ti (III)) Ti2+ (Ti(II)) and Ti0 (Ti (0)), 
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classified in Table A.5. A higher concentration of Ti3+ species, up to 15.7 and 14.5 
for TiO2 – 0.5 at% Ta and TiO2 – 17.4 at% Ta, can be observed in Figure 4.4.A, 
attributed to the higher integrated area associated to peak position and FWHM, 
457.8 eV and 2.2 eV, respectively, for Ti3+ 2p 3/2, as shown in Table A.5. 
Interestingly, the presence of Ta at high concentrations as 17.4 at% and 22.5 at% 
can be highlighted on the Ti 2p spectra as the Ta 4p 1/2 peak overlaps strongly with 
Ti 2p 1/2 [493]. The variation of Ti3+ species across the series of Ta/Ti ratio for the 
samples analysed is shown in Figure 4.4.B. It can be observed that the introduction 
of a low Ta, specifically 0.5 at% corresponding to a 0.05 Ta/Ti ratio, induces a 
spike of Ti3+ species from 6.1 for pure TiO2 to 15.7, while a further increase of Ta 
does not lead to a higher concentration of suboxides. The presence of a higher 
content of Ti suboxides should be taken into account for applications in catalysis 
as it can be favourable towards the charge transfer and hinder the recombination of 
charge carries, as holes and electrons [294, 494], although these species are highly 
unstable and their generation and control is particularly challenging [495, 496]. The 
O1s spectra for the series are consequently analysed to evaluate the metal-O bonds 
and the presence of vacancies. The main peak, located at 530 eV (FWHM = 1.1 
eV) as shown in Figure 4.4.A and Figure A.9 is representative of the Ti-O bond 
for pure TiO2. Nonetheless for the substrates containing Ta, this peak shifts towards 
530.4 eV and a FWHM= 1.4 eV. This increase in binding energy can be attributed 
to the presence of Ta-O bonds, hence a different chemical environment, as this 
chemical bond typically occurs at 530.5 eV [497]. Additionally, the presence of Ti-
OH is also revealed by the peak 531.9 eV as this functionality is normally assigned 
to binding energies 1.5-1.8 eV higher than Ti-O [498, 499]. This peak, however, 
can also be assigned, together with the peak at 533 eV, to organic R-CO 
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functionalities [72]. Interestingly, the presence of oxygen vacancies is confirmed 
by the presence of a peak located at 531.2 eV (FWHM = 2.2 eV) [494, 495], 
complying with the Ti 2p spectra and suggesting that the species are active on 
surface. The significant increase in O vacancies in the spectra in Figure 4.4.D for 
a Ta loading of 22.5 at% can be explained by the intensification of Ta-O bonds due 
to a higher Ta loading into the matrix. It is likely that this spike in integrated area 
accounts for a different metal-O bond ratio, consistent with the increase in Ta/Ti 
ratio from 0.88 to 1.92 reported in Table A.3 and shown in Figure 4.4.D, for a Ta 





Figure 4.4 XPS HR spectra of Ti 2p, O1s and Ta 4f for TiO2 – 0.5 at% Ta and TiO2 
– 17.4 at% Ta, (A), variation of Ti 3+ species, Ta suboxides species and O 
vacancies at different Ta/Ti ratio, (B), (C) and (D) respectively. 
 
The analysis of the Ta 4f HR spectra reveals two main Ta 4f 7/2 and 4f 5/2 
peaks, attributed to Ta2O5, at 26.8 eV and 28.7 eV respectively, with an energy 
separation of 1.9 eV, consistent with the literature [500, 501]. The FWHM for Ta 
4f 7/2 is 1.2 eV, however the presence of a higher content of suboxides at 24.8 eV 
or Ta (0) at 21 eV [484, 502, 503] for TiO2 – 0.5 at% Ta and TiO2 – 22.5 at% Ta 
(Table A.6), determines an increase of FWHM to 1.6 eV. The significantly high 
concentration of suboxides for the TiO2 – 0.5 at% Ta, calculated at 30.3 %, as 
shown in Figure 4.4.C, confirms that for low concentration of Ta, up to 0.5 at%, 
some evidence of crystalline Ta-oxides can be found (Figure A.8). Interestingly, 
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the concentration of suboxides species drops dramatically, from 30.3 % to 2.6%, as 
the Ta/Ti ratio increases, similarly to the Ti3+ content. This result can be attributed 
to the formation of more passive Ta2O5 as the Ta at% increases, in good agreement 
with previous studies conducted on Ti-Ta alloys [504]. It can be concluded that the 
presence at the same time of Ti and Ta suboxides, as well as O vacancies, leads to 
a complex surface chemistry that, together with the assessment of the surface 
morphology, influences the final band-gap and the solid-liquid interface where the 
catalytic degradation reactions take place. 
 To gain more insight into the catalytic performance of the substrates 
influenced by the surface chemistry and morphology investigated thus far, the 
degradation of methylene blue (MB), typically selected as a reference dye for 
benchmark studies [505], was carried out. First, the degradation with a 320-480 nm 
filter, applied on the light source, was investigated. To prevent the photolysis of 
methylene blue, no wavelength above 500 nm was applied [506].  
The maximum conversion achievable by the benchmark TiO2 nanotubes 
was ~85% of the original MB concentration, after 7 h of treatment (Figure 4.5.A). 
The Ta doped nanotubes showed a complete degradation of the compound, with 
the optimum performance obtained for the 17.4 at%. loading, in less than 6 h. 
However, as the Ta loading increases further, the degradation kinetics becomes 
slower and the curves tend towards the pure electrochemical anodized Ta2O5 
calculated as a reference, corresponding to a 23 at%. Ta loading, showing a 40% 
degradation rate over the same time span of 6 h. This result suggests that the 
catalytic performance is s strictly dependant on the Ta loading, with a specific 
concentration individuated as the most efficient across the series, whilst past this 
point any further addition of Ta into the matrix is detrimental. As previously 
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highlighted, this effect can be ascribed to the generation of less photoresponsive 
Ta2O5 in the TiO2-Ta nanotubes microstructure, resulting in a loss of catalytic 
efficiency. The degradation kinetics are, however, significantly slower than those 
for TiO2 nanoparticles that are in the range of 10-180 min [255, 284, 452]. The 
slower degradation kinetics can be attributed to a significantly lower specific 
surface area, if compared to TiO2 powders, presenting therefore fewer active sites 
available for the catalytic reactions [255]. In this case, the magnitude of the 
degradation kinetics of methylene blue is in the order of hours, complying with 
studies on surface-decorated TiO2 nanotubes or doped TiO2 substrates [507]. It can 
be noticed, however, that in the current study, the anodized Ti-Ta alloy outperforms 
similar substrates decorated with noble metals such as Ag or Au. TiO2 nanotubes 
decorated with the aforementioned nanoparticles by metal sputtering can degrade 
up to 50% and 75% of methylene blue, respectively, after 250 min exposure at 
higher irradiance [406] whilst a 17.4 Ta at% loading upon the same time exposure 
can mineralize up to 85% of MB. Another study on Ag-decorated TiO2 nanotubes 
demonstrated an average 70% MB degradation rate in 3 h under pure UV light at 
365 nm wavelength, comparable to the 70% degradation rate obtained on the best-
performing Ti-Ta anodized alloy mentioned above [508]. Similar degradation rate 
upon 4 h of treatment was found for C-modified TiO2 nanotubes, prepared on a 
commercial Ti foil by the deposition of carbamide, resulting in a minimum bandgap 




Figure 4.5 Degradation of methylene blue for different Ti-Ta anodized substrates 
at different Ta % at loading (A): ▬ TiO2, ▬ TiO2 – 0.2 at% Ta, ▬ TiO2 – 0.5 at% 
Ta,, ▬ TiO2 – 13 at% Ta, ▬ TiO2 – 17.4 at% Ta, ▬ TiO2 – 20.5 at% Ta, ▬ TiO2 
– 22.5 at% Ta,. ▬ TiO2 – 23 at% Ta, ▬ Ta2O5, ▬ blank (MB photolysis). 320-480 
nm filter was applied on the light source. Calculation of 0 order kinetic constant 
across the series of Ta content (B) 
. 
The photo-catalytic kinetics constants were calculated from the degradation 
profiles. Typically, the degradation of organic compounds in heterogeneous 
catalysis follows the Langmuir-Hinselwood model with a pseudo-first-order 
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kinetics, as shown in Equation A.5 and Equation A.6. [322] The studies conducted 
on dyes typically follow this law, even though the experimental set-ups may vary 
from one case to another including immobilized particles, suspended particles as 
Degussa P25 for TiO2 [284]. The calculated pseudo first-order and zero-order 
kinetics constants with Equation A.7 are summarized in Table A.8. It can be 
noticed that the zero-order kinetics, in this case, comply with most of the 
experimental results from the Ti-Ta anodized alloy series. According to the 
literature in heterogeneous photocatalysis, this kinetic model is typical of reactions 
where the surface available for the catalytic reaction is saturated very quickly and 
mass diffusion becomes the controlling stage [506, 510].  
In this study, the high specific surface area provided by TiO2-Ta nanotubes 
is partially ruled out from the catalytic reactions due to the presence of the surface 
top layer, thus reducing significantly the available catalytic surface. In this sense, 
the differences observed in zero order kinetic constants can be ascribed to different 
surface density and chemical properties of the active sites. The distribution and 
extent of active sites available can vary significantly across the series of TiO2-Ta 
nanotubes, as can be inferred from the variation of morphology highlighted in 
Figure 4.1. Furthermore, the XPS and band-gap analysis showed how different 
chemical species could be present at the same time on the catalyst surface, such as 
doped TiO2, Ta2O5 and a mixture of suboxides and oxygen vacancies. As a result, 
the adsorption/desorption equilibrium on different type of catalytic sites can differ 
significantly as well as the tendency to generate oxidating species, hence leading 
to different catalytic rates and zero order kinetic constants.” 
. The variation of zero-order kinetics is shown in Figure 4.5.B. The fastest 
zero order kinetics can be attributed to a 17.4 at% Ta concentration, resulting in a 
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kinetic constant of 3.31 10-3 mol/min which represents a 40 % increase from pure 
TiO2, standing at 2.35 10
-3 mol/min. Conversely, low kinetics can be evinced for a 
22.5 at% and 23 at% loading of Ta, respectively, leading to a k of 1.69 10-3 mol/min 
and 1.32 10-3 mol/min. These results are consistent with the light absorption 
registered and band-gaps tested, whilst the highest Ta loading resulted in the least 
efficient optical performance of the series. It is worth noticing that all the kinetic 
constants, both for zero order and pseudo first-order, are close in terms of R2 
although the zero-kinetic model better fits the experimental data. The calculation 
and theoretical modelling of a kinetic study is however out of the scope of the 
current study. 
The catalytic activity under pure visible light was investigated for 4 
substrates, nominally TiO2, TiO2 – 0.5 at% Ta, TiO2 – 17.4 at% Ta and TiO2 – 22.5 
at% Ta. These substrates were selected to cover the three different morphological 
structures revealed in the first part of this study. Figure 4.6 compares the activity 
of these substrates under the 320-480 nm light filter, as previously discussed, then 
under pure UV light and pure visible light, at 320-390 nm and 400-500 nm, 
respectively. It can be observed that TiO2 – 17.4 at% Ta reported in Figure 4.6.C 
is the most efficient photocatalytic substrate under pure visible light, as predicted 
by the UV-vis absorbance in that range reported in Figure 4. The sample with 
highest light absorbance can achieve almost 50 % degradation of methylene blue 
over 6 h. Conversely, pure TiO2 can degrade only 26% of the original dye loading. 
The fact that pure TiO2 shows some activity in the low-visible range canbe 
attributed to the presence of Ti3+ species as shown in Figure 4.4, having an impact 
on the catalytic performance. However, these species are present across all the 
series. The other two substrates, having a 0.5 at% Ta and 22.5 at% Ta loading, lead 
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to a degradation of 41% and 39%, respectively. The ratio between the zero-order 
kinetic constant of the Ta-modified TiO2 nanotubes and pure TiO2 nanotubes is 
presented in Figure 4.6.E. All the Ti-Ta anodized alloys present higher k under 
pure visible light than TiO2, with almost a threefold increase corresponding to a 
17.4 at% Ta loading. Conversely, the k calculated for pure UV light experiments is 
slightly lower than pure TiO2, with a maximum 14% drop attributed to the sample 
with minimum band-gap and highest visible light activity, TiO2 – 17.4 at% Ta. It 
can also be noticed that all the substrates seem to have a higher degradation rate 
within the first hour of treatment, whilst the curves tend towards a steady state for 
longer durations. This is consistent with a reaction that is controlled by the mass 
transport and therefore by the absorption/desorption of molecules from the 





Figure 4.6 Catalytic degradation of methylene blue at different light filters for: 
TiO2 (A), TiO2 – 0.5 at% Ta (B), TiO2 – 17.4 at% Ta (C) and TiO2 – 22.5 at% Ta 
(D), kinetic constant of TiO2 – X Ta over kinetic constant of pure TiO2 at different 
light filters (E) and cyclability test (F). 
 
The faster degradation rate within the first hour of treatment can also be 
presented in the recyclability study carried out on the best performing substrate, 
TiO2 – 17.4 at% Ta. (Figure 4.6.F). Although the kinetic constant decreases from 
1.79 10-3 mol/min to 1.15 10-3 mol/min upon three catalytic tests under visible light, 
corresponding to a loss of 35% in kinetic activity, the degradation of MB only 
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decreases slightly, from 49% to 42%. This result is attributed to a different 
degradation trend that can be clearly evinced from Figure A.10, as some catalytic 
sites can be This outcome can be interpreted as some catalytic sites can be partially 
deactivated, resulting in a loss of activity upon different cycles of treatment. The 
loss of activity on TiO2 nanotubes represents a well-known limitation in 
heterogeneous photocatalysis [511]. The loss of activity can be ascribed to the 
consumption of available lattice O, responsible for the formation of oxidating 
agents, whereas carbon-rich by-products can adsorb on the catalyst surface and 
deactivate the catalytic sites [512].. The surface functionalities, including a 
combination of TiO2, Ta2O5 and a mixture of Ti, Ta suboxides and oxygen 
vacancies as shown on the XPS analysis in Figure 4.4, were likely altered upon the 
photocatalytic tests, resulting in a loss of activity. The complex surface chemistry 
evidenced can however sustain the degradation of the dye by offering different 
kinetic pathways, indicating that some active sites are more resilient towards 
deactivation than others. The identification and quantification of all the active sites 
generated on the Ti/Ta mixed oxide nanotubes is beyond the scope of the present 
study. 
In this scenario, it can be assumed that the catalytic performance of the 
anodized Ti-Ta substrates does not depend strictly on the optical properties, 
although the most active substrate under visible irradiation corresponds to the 
lowest band gap. The contribution of the morphology, influencing the surface area 
and the active sites available, thus the turnover of dye molecules absorbed on 
surface prior to the degradation cannot be discarded as it can be demonstrated that 
the performance of the catalyst slightly decreases. The presence of multiple charge 
carriers evidenced by the surface chemistry analysis is likely having an impact on 
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the catalytic degradation described and on the different degradation trends observed 
on the recyclability study, contributing to complex reaction pathway where 
multiple species and sites are involved. 
 
4.3 Conclusions 
In summary, this Chapter presented the synthesis of mixed Ti-Ta oxide 
nanotubes with sub-10 nm pore size and tuneable chemical composition fabricated 
by a simple process based on Ti-Ta alloy thin film sputtering and electrochemical 
anodization. The dependence of the surface morphology and nanotube geometrical 
features was investigated and correlated to the Ta magnetron deposition power. The 
presence of Ti and Ta suboxides in the TiO2-Ta matrix generated upon 
electrochemical anodization was investigated across the series of Ta loading, whilst 
a specific composition corresponding to a 17.4 at% Ta resulted in a band-gap 
minimum. The impact of the induced surface morphology and chemistry on the 
photocatalytic efficiency of the mixed Ti-Ta oxide nanotubes was evaluated. The 
catalytic tests indicated that the sample showing the minimum band gap presented 
the highest degradation rate under pure visible light than pure TiO2 with almost a 
threefold increase in zero-order kinetic constant. 
This Chapter highlighted the potential of sputtered Ti alloy nanotubes as 
catalytic substrate with controlled morphology and band gap engineering, offering 
promising results for further development of the nanotube properties based on their 
geometry and optical properties. The exploitation of the optical properties of the 
nanotubes based on the generation of Ti and Ta suboxides species is envisaged, 




Chapter 5. Fabrication of photocatalytic TiO2-N 
nanoporous substrates 
5.1 Introduction 
The efficiency and performance of 1-D and 2-D TiO2 nanomaterials in 
photocatalytic processes is influenced by the catalyst surface morphology and 
photo-electronic response.  
Band-gap engineering of TiO2 materials is essential to produce a new class 
of energy-efficient, green photocatalysts with high catalytic performance [513-
515]. 
TiO2 nanotubes (TNTs) have emerged in heterogeneous catalysis because 
of the high specific surface area and well-ordered surface morphology generated 
through a simple electrochemical anodization process [62]. Nonetheless, their 
applications in catalysis are limited by the wide bang-gap and therefore the 
requirement of UV light irradiation as an activation source [65]. The band-gap of 
TiO2 nanomaterials can be specifically tailored by introducing a doping agent, such 
as a metal or a non-metal, into the TiO2 lattice [471, 516, 517]. Among the potential 
non-metal dopants, such as sulphur (S), carbon (C), fluorine (F) and phosphorus 
(P), N represents the most promising candidate because of the position of its p 
orbitals if compared to O and Ti in electronic configuration of TiO2 [66, 518]. 
Conversely, S possesses a much higher substitutional energy due to its higher ionic 
radius whereas lower charge carrier lifetime is attributed to C or P doping. The 
introduction of new energy levels into the TiO2 electronic configuration depends 
on the chemical state of N bonds, such as substitutional or interstitial [359]. 
Substitutional N represents the most studied and preferred form of doping as it is 
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expected to lead to better photocatalytic efficiency due to low charge recombination 
effect [67, 361].  
New chemical species resulting from the oxidation of titanium or titanium 
nitride, such as Ti oxynitrides, have gained momentum as potential candidates to 
enhance further the visible light absorption across TiO2 materials [519]. The 
reduction of TNTs under ammonia annealing at 600 °C narrowed the band-gap to 
2.4 eV or 2.2 eV, attributed to the partial formation of TiN oxynitrides in addition 
to substitutional-N or the complete conversion of substitutional-N to Ti-
oxynitrides, respectively [520, 521]. Alternatively, Ti oxynitrides with enhanced 
light response were prepared by oxidation of sputtered Ti or TiN films under N2 
and O2 atmosphere [137, 384]. To date, only one study is available on the 
fabrication of N-doped TNTs by anodizing TiN films, produced by arc-melting. 
[390]. In this study, 2-3 at% of Ti-oxynitride species were induced by the 
anodization process, resulting in a shift of the light absorption edge to the 400-500 
nm range.  
However, while Ti-oxinitrides can effectively enhance the light 
sensitization of TiO2, their role in photocatalytic degradation reactions is still not 
well understood [522, 523]. Nitridation above 600 °C led to the partial reduction of 
mesoporous TiO2 into Ti-NxOy and to an increase visible light absorption up to 
600 nm [524]. Nonetheless no catalytic degradation of methylene blue (MB) was 
observed in the presence of Ti-NxOy, whereas the substrate containing only Ti-N 
doubled the photocatalytic efficiency of mesoporous TiO2. Increasing N content 
from 1 to 20.8 at% was found to deteriorate the photocatalytic activity of Ti-NxOy 
films fabricated by sputtering Ti metal in mixed Ar/O2/N2 atmosphere [384]. In this 
study, an optimal amount of 1.2 at% of N led to a shift in the absorption edge to 
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520 nm and the fastest degradation rate for MB. The introduction of an optimal 
amount of N doping is therefore envisaged to attain the highest light sensitization 
and catalytic performance [525]. Authors have however advocated N loading 
spanning from 0.5 at% to 3.4 at% as ideal concentration to narrow the band gap 
down to 2.3 eV, whilst higher level of doping were found to hinder the light 
sensitization [526-528]. 
It is expected that the addition of Ti-oxynitrides to substitutional and 
interstitial N doping may enhance the catalytic performance of TiO2 [529], however 
the presence of a synergetic effect between the photoactive N species and the role 
of N loading on their interaction and recombination have not been explored. 
Furthermore, the control of the oxidation level during the synthesis of N-doped 
TiO2 and therefore the formation of Ti-NxOy intermediates is challenging [389], 
as the complete conversion of TiN to TiO2 is thermodynamically favoured by the 
highly exothermic adsorption and dissociation of O2 on TiN [530]. 
This Chapter explores the synthesis of N-doped TiO2 nanotubes by 
electrochemical anodization of magnetron sputtered Ti-TiN alloys and the impact 
of novel Ti-N species, such as Ti-oxynitrides, on the photoelectronic properties of 
the as-fabricated catalytic substrates. The N loading into the TiO2-N substrates was 
easily controlled by varying the alloy composition upon metal sputtering. XPS 
depth profile and High Resolution (HR) spectra of the Ti and N chemical states 
provided more insight into the formation and interactions of photoactive N species, 
such as Ti-N, Ti-NO and Ti-oxynitrides, upon the oxidation process. The impact of 
the concentration of N on the formation of different N chemical states was revealed 
and associated to the visible light sensitization. The relative ratio of Ti-N/Ti-
oxynitride species and of elemental N/O was associated to the catalytic 
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performance on the degradation of methylene blue (MB). This Chapter 
highlightsthe correlation between N doping concentration induced during an 
oxidation treatment and the chemical state of N on the catalytic efficiency of N-
TiO2 TNTs. The use of custom-made titanium nitride allowed for a precise 
optimisation of the content of N chemical species responsible for the light 
sensitization, showing promising potential in the heterogeneous photocatalysis 
domain. 
 
5.2  Results and Discussion 
The electrochemical anodization of sputtered Ti-TiN films presented in 
paragraph 3.2 was studied to investigate the impact of N concentration to the 
formation of nanoporous N-doped TiO2 nanotubes with narrowed band-gap.  
 
5.2.1 Evaluation of morphology 
The morphological and microstructural properties of both the as-sputtered 
Ti-TiN films and the anodized porous substrates were investigated in Figure 5.1.A. 
The as-sputtered TiN films presented columnar-like structures resulting from the 
sputtering process, showing sharp edges and quasi-geometrical shape, complying 
with a previous study [467]. The grain morphology was however dramatically 
affected by the sputtering deposition power, as shown in Figure 5.1.A and Figure 
B.1. The grains started to become larger while retaining their quasi-geometrical 
shape with a maximum of 8,400 nm2 for as-sputtered Ti-TiN film deposited at 50 
W, corresponding to more than a fourfold increase from 2,000 nm2 calculated for 
as-sputtered Ti. As the deposition power increased further, the grain size 
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dramatically dropped to a minimum of 527 nm2 for as-sputtered Ti-TiN deposited 
at 200 W. It can be observed that a transition occurred between sputtering powers 
of 100 and 150 W, respectively, evidenced by a severe variation of surface texture 
across the AFM maps presented in Figure B.2 and discussed in Table B.1. The 
transition between large grains of more than 8,000 nm2 and small grains down to 
500 nm2 can be ascribed to the increase of sputtering power [531], while the non-
linear variation of roughness is in good agreement with the transition within 
smoothing and roughening processes occurring during the film growth [532].  
 
 
Figure 5.1 SEM micrographs of as-sputtered Ti-TiN thin films and anodized films 
(A) at different TiN sputtering powers: 0 W, 50 W, 150 W and 250 W. Grain surface 
and Feret analysis of the Ti-TiN alloy (B), Root Mean Square of Roughness Sq and 
Maximum Height Sz calculated from AFM measurements (C), surface porosity and 




The electrochemical anodization of the as-sputtered Ti-TiN films induced a 
sub-50 nm nano-porosity in the TiO2-N substrates, with a surface top layer partially 
covering the TiO2 nanotubes as a result of the anodization process [315]. The 
surface morphology of the nanotubes was found to be altered by the power 
deposition, as can be observed from the SEM micrographs in Figure 5.1.A and 
Figure B.3. A uniform distribution of pores presenting a geometric average 
diameter of 34±1.2 nm was calculated for the TiO2 substrate, with a surface 
porosity of 35%, shown in Figure 5.1.D. Interestingly, a linear regression of pore 
size and surface porosity can be revealed for the series of TiO2-N corresponding to 
a different Ti-TiN film sputtering power. The pore size and surface porosity 
dropped linearly from 30 nm to 20 nm as the titanium nitride sputtering power 
increased from 50 to 250 W, respectively. The porosity showed a similar linear 
trend, varying from 27 to 5 % for TiO2-N obtained from as-sputtered Ti-TiN film 
deposited at 50 and 250 W, respectively. These results may be attributed to the 
formation of smaller TiN grains corresponding to a higher density of columnar-like 
structures. A slight increase of 10 V in applied bias led to a transition from a porous 
array of coarse columns with 80-100 nm size to a compact, fine distribution of of 
30-40 nm size [533]. Furthermore, the homogeneous distribution of pores observed 
from TiO2 substrates up to a sputtering power of 100 W was reduced between 150 
and 250 W. High degree of inhomogeneity and morphological disorder compared 
to as-annealed TiO2 in Figure 5.1 were observed for an anodized Ti-TiN film 
sputtered at 250 W. It can be assumed that a severe microstructural and chemical 
alteration of the Ti-TiN films between 50 and 250 W, as previously described, led 
to drastically different TiO2-N nanoporous substrates [534]. 
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The correlation between Ti-TiN film sputtering power and TiO2-N 
morphology and microstructure was assessed by analysing the Small Angle X-ray 
Scattering (SAXS) patterns across the series of TiO2-N, presented in Figure 5.2.A. 
Three main scattering features were identified, assigned to the model of nanotube 
presented in Figure B.4 corresponding to the outer diameter, inner diameter, and 
wall thickness, respectively. The nanotube formed from a sputtered Ti-TiN film, as 
shown in Figure 5.2.B, presented rough walls along their length rather than smooth, 
well-structured cylindrical geometry, likely due to the growth from columnar-like 
structures [535]. The scattering knee well defined between a q range of 0.02 and 
0.03 Å-1was attributed to the tube inner diameter. The size of this geometrical 
feature was calculated from the SAXS model developed following Equation A.1 
and as previously described. The SEM graphical analysis carried out from Figure 
5.1.A was compared to the SAXS analysis and reported in Figure 5.2.C. The SEM 
analysis was in excellent accordance with the SAXS model, with a maximum 
difference of 18% registered for anodized TiO2, supporting the association of the 
SAXS knee to the tube inner diameter. Three more knees were observed at 0.009, 
0.014 and 0.032 Å-1for anodized TiO2 in Figure 5.2.A and attributed to scattering 
features such as tube outer diameter (OD), inner diameter + wall thickness 





Figure 5.2 SAXS scattering patterns for as-anodized substrates at different Ti-TiN 
sputtering power (A), lateral view of TiO2 nanotubes for as-annealed TiO2 (B); 
comparison of SEM graphical analysis and SAXS analysis for inner diameter (ID) 
(C); comparison of SEM graphical analysis and SAXS modelling for as-annealed 
TiO2 geometrical features, such as outer diameter (OD), inner diameter (ID), wall 
thickness (WT) (D). Variation of nanotube geometrical features calculated from 
SAXS modelling for the series of anodized TiN at different TiN sputtering power 
(E). 
 
The SAXS data was used to evaluate variations of morphology and 
microstructure across the series of anodized TiN films in response to different 
sputtering power. The first two SAXS knees presented in Figure 5.2.A (labelled 1 
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and 2) showed a shift towards higher q vector, from 0.0097 and 0.014 Å-1 for TiO2-
N 50 W to 0.013 and 0.016 Å-1 for TiO2-N 100 W. Finally, the first knee moved 
from 0.014 and to 0.015 Å-1 for TiO2-N 200 W, while the second knee shifted from 
0.016 to 0.018 Å-1 . The fourth SAXS knee attributed to WT, occurring at 0.032 Å-
1 for as-anodized TiO2, could not be revealed from TiO2-N 150 W to TiO2-N 250 
W. The shift of knee position was associated with a decrease of ID and OD size as 
presented in Figure 5.2.E and in Table B.2. This evidence is in good accordance 
with the loss of uniform distribution of pores and increased morphological disorder 
reported for anodized titanium nitridefilms deposited at a sputtering power equal or 
higher than 150 W. It can also be inferred that the nanotubular configuration 
observed on as-anodized TiO2 was progressively altered, leading to a poly-
dispersion of tube apertures rather than a homogeneous array of TNTs. The 
broadening of knee 1 and 2, occurring at 0.015 and 0.020 for TiO2-N 250 W, is in 
good agreement with an increase of poly-dispersion in multi-phase systems [537]. 
It can be assumed that the chemical composition of the as-sputtered Ti-TiN film 
alloy and its microstructure could play a critical role in determining whether 
nanotubes or nanopores can be fabricated upon electrochemical anodization. 
 
5.3 Microstructure and elemental characterisation  
The effect of thermal annealing on the fabricated TiO2-N substrates was 
evaluated to determine the degree of crystallization of amorphous TiO2 produced 
by electrochemical anodization. (101) planes attributed to TiO2 anatase (ICDD: 04-
06-9240) could be revealed at 25.4 ° across the series of Ti-TiN film sputtering 
power reported in Figure B.5. Interestingly, thermal oxidation of TiN is expected 
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to lead to rutile phase preferentially [538, 539]. In this case, however, anatase may 
have been generated from the sputtered Ti component of the Ti-TiN solid state 
solution. Further discussion of the TiO2-N microstructure is presented in the 
Appendix C, Figure B.5. 
The level of doping achievable upon anodization and the chemical state of 
nitrogen incorporated into the TiO2 matrix was investigated by XPS surface and 
depth-profile analysis. The chemical composition of both the as-sputtered Ti-TiN 
films and the TiO2-N nanoporous films were analysed to a depth of 30 nm, 
corresponding to three cycles of Ar+ etching. The concentration of N was found to 
increase with the sputtering power as shown in Figure 5.3.A, from a minimum of 
3.5 of surface N at% to a maximum of 7.1 at% attributed to a Ti-TiN film sputtering 
power of 50 and 250 W, respectively. Interestingly, the concentration of Ti and N 
tended to plateau after 2 etching cycles as shown in Figure B.6.A and Figure 
B.6.C. The atomic content of Ti and N evaluated upon the final stage of etching 
can be associated with the bulk composition of the as-sputtered Ti-TiN film. The 
concentration of N in the as-sputtered Ti-TiN core showed a quasi-linear variation, 
from a minimum of 6.2 at% attributed to a sputtering of 50 W, to 32 at% for Ti-
TiN sputtered at 250 W, as reported in Figure 5.3.A. Conversely, the concentration 
of Ti in the as-sputtered Ti-TiN film decreased steadily from a maximum of 76.4 
at% for the as-sputtered Ti-TiN film deposited at 50 W to 47 at% for as-sputtered 





Figure 5.3 N at% and N/Ti ratio for surface - - -, core level ▬, surface - - -, core 
level ▬, respectively, for as-sputtered Ti-TiN films (A) and TiO2-N substrates (B). 
(C): Ti at% in TiO2-N and N/Ti ratio resulting from different titanium nitride 





The chemical composition of the alloy was dramatically affected by the 
electrochemical anodization, similarly to what previously observed for the 
morphology. The as-sputtered Ti-TiN alloy deposited at 250 W, corresponding to 
the maximum loading of 32 at% N, presented only 6.9 at% N in the TiO2-N 
anodized alloy, resulting in a 78% loss of N. Conversely, the as-sputtered Ti-TiN 
film deposited at 50 W, containing the lowest loading of N at 6.2 at%, showed a 
4.1 at% of N upon anodization, leading to a 34% drop of N. Furthermore, the Ti 
at% was also sensibly affected by the anodization process, which can be expected 
from the oxidation and the incorporation of elemental O into the as-sputtered Ti-
TiN matrix. As-sputtered Ti-TiN films deposited at 50 W and 250 W presented a 
66 and 31 % decrease in Ti at% upon anodization respectively, as presented in 
Figure 5.3.C, Figure B.6.D and summarized in Table B.3. Finally, the N/Ti ratio 
for the as-sputtered Ti-TiN alloy and anodized TiO2-N varied remarkably across 
the series of N concentration in the as-sputtered Ti-TiN matrix, as observed in 
Figure 5.3.A and Figure 5.3.B. The as-sputtered Ti-TiN films presented a spike in 
N/Ti ratio with increased N loading, rising from 0.1 to 0.7 for a loading of 6.2 and 
32 at% N, respectively. Upon anodization, the N/Ti ratio spanned from 0.1 to 0.2, 
attributed to a loading of 4.1 and 6.9 at% of N, respectively. It can be inferred that 
the severe drop of N at% and the plateauing of N/Ti ratio after electrochemical 
anodization should be attributed the structural and chemical stability of the 
titanium-titanium nitride solid state solution fabricated by metal sputtering. The 
deposition of non-equilibrium solid state solutions by PVD sputtering can lead to 
the formation of highly disordered energy states, which tend to recombine quickly 
when energy is provided to the system [540-542]. In this case, the oxidative 
environment provided by electrochemical anodization may have 
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thermodynamically favoured the selective removal of N and formation of Ti-O 
bonds, in good agreement with previous reports [530, 543]. 
A logarithmic growth model was extrapolated from the comparison of the final 
N content into the TiO2-N substrates and the original N concentration in the as-
sputtered Ti-TiN alloy. According to the growth model reported in Equation B.1 
and represented in Figure 5.4.A, the quantity of N doping attainable in the final 
TiO2 matrix was set on a relatively narrow window, from 4.1 at% to 6.9 at% 
corresponding to a large variation of sputtering power, from 50 W to 250 W. 
Controlling the amount of N doping into TiO2 nanomaterials is essential to tailor 
the visible light sensitization. It was postulated that different levels of N loading 
can have a different impact on the band-gap narrowing and therefore on the photo-
response [383, 544]. Loading of N below  <2.1 at%, are expected to generate local 
N 2p states above the band gap, responsible for the red-shift in light absorption 
[66]. Conversely, at higher concentration such as > 4.2 at% the band gap can be 
narrowed by mixing N 2p states with O 2p states [357, 545]. In the case of the 
present study, the electronic configuration of the modified band-gap could be likely 





Figure 5.4 Calculated logarithmic growth model for N doping concentration in 
TiO2-N substrates (A), variation of ▬ Ti-N and ▬ Ti-NxOy species calculated 
from N 1s XPS HR spectra of as-sputtered Ti-TiN films (B) and TiO2-N substrates 
with corresponding Ti-N/Ti-NxOy ratio ▬ (Rn), (C). High Resolution spectra of 
TiO2-N at different N concentration: 4.1 at%, 5.3 at%, 6.9 at%, (D), (E), (F), 
respectively. N chemical state was analysed as follows: ▬ Ti-N, ▬ Ti-O-N, ▬ Ti-
NxOy, ▬ NOx. 
 
The chemical configuration of Ti and N atoms and the resulting Ti-N bonds 
were further assessed to determine the impact on the catalytic activity of the TiO2-
N substrates. Depth profile analysis of the sputtered Ti-TiN films was carried out 
to investigate the nature of chemical bonds between Ti and N prior to 
electrochemical anodization. The Ti 2p depth profile spectra corresponding to 
different N loading into the as-sputtered Ti-TiN matrix was analysed in Figure B.7 
and the appearance of different Ti species evaluated. Ti (0), Ti-N, Ti oxynitrides 
(Ti-NxOy) and Ti (IV) chemical states were attributed to peaks occurring at 453.6, 
544.9, 456.9 and 458.8 eV, respectively, as reported in Table B.4 [546-548]. The 
peak attributed to Ti (0) chemical state progressively shifted from 453.6 eV for as-
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sputtered Ti towards 454.3 eV for as-sputtered Ti-TiN film deposited at 250 W. 
This shift, as well as the progressive increase of the integrated areas corresponding 
to Ti-N and Ti-NxOy species, revealed the introduction of at least two different Ti-
N chemical states. Further insight into the nature of chemical bonding between Ti 
and N could be gained by evaluating the surface HR spectra of Ti 2p reported in 
Figure B.8. The as-sputtered Ti-TiN film shown in Figure S8.A revealed the 
presence of different Ti sub-oxide species, such as Ti(II) and Ti (IV), compatible 
to a partial oxidation of the surface typically registered for sputtered thin films 
[466]. Furthermore, the concentration of Ti-N species increased from 6.9 % to 21.3 
% as shown in Figure B.9 and Table B.5, for a N loading of 6.2 and 32 at%, 
respectively. Nonetheless, the concentration of Ti (0) decreased from 20.4 to 15.6 
% as the sputtering power of Ti-TiN films increased from 50 W to 250 W. This 
trend confirmed that nitride bonds are progressively replacing the Ti (0) chemical 
state as the as-sputtered Ti-TiN deposition power increased, hence resulting in a 
chemical and microstructural recombination of the sputtered films. 
The electrochemical anodization produced a significant alteration to the Ti 
oxidation spectra, as shown in the depth profile analysis reported in Figure B.10. 
Two peaks, corresponding to the orbital split of Ti (IV), 3/2 and 1/2, can be 
identified on the surface spectra. Nonetheless, as the etching proceeded, a shoulder 
at binding energy below 458 eV started to form, corresponding to the integrated 
area assigned to Ti-NxOy and Ti-N bonds. This shoulder can be partially assigned 
to a reduction of Ti (IV) operated by the Ar+ bombardment [549], however for 
higher concentration of N in TiO2-N, such as 6.4 and 6.9 at%, this shoulder became 
more pronounced and finally appeared as a peak. This evidence confirmed the 
increase of Ti-NxOy and Ti-N bonds for high loading of N in the TiO2-N substrates. 
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The HR XPS spectra of N 1s were consequently evaluated to investigate the 
variation of N chemical state prior and upon electrochemical anodization. Four 
different species were identified in the XPS analysis of as-sputtered Ti-TiN films 
and summarized in Table B6, attributed to N occurring in Ti oxynitrides [387, 548, 
550, 551], Ti-N [384, 532, 551], Ti-O-N [388, 531] and impurities such as NOx 
[388], at 396.2, 397.3, 399 and 401.6 eV, respectively. The depth profile analysis 
reported in Figure B.11 for the as-sputtered Ti-TiN films revealed the presence of 
Ti-O-N species on the surface. This result is consistent with previous reports on 
TiN coatings presenting a partial surface oxidation, which is attributed to Ti bound 
specifically to NO surface groups [387, 552, 553]. The HR XPS spectra of N 1s for 
the as-sputtered Ti-TiN film surface reported in Figure B12 confirmed the presence 
of surface oxidation involving N and its chemical environment, complying with the 
Ti 2p surface spectra in Figure B.8. Conversely, the as-sputtered Ti-TiN film core 
showed a high level of purity in terms of Ti-N bonds, as presented in Figure B.13. 
Interestingly, as the N content increased from 6.2 to 32 at%, the % of Ti-N bonds 
dropped slightly from 82% to 73% while the Ti-NxOy species showed a threefold 
increase, as reported in Figure B.14, from 4.2 % to 15.6 %. This result is 
highlighted by the appearance of a shoulder on the N 1s spectra at 396.2 eV starting 
from a N concentration of 23 at%, clearly visible in Figure B.13.D. 
Upon electrochemical anodization, the surface of the TiO2-N substrates was 
constituted mostly of Ti-O-N species, as observed from the depth profile analysis 
in Figure B.15 and the HR XPS spectra of N 1s in Figure B.16. Nevertheless, a 
peak at ~ 396.9 eV appeared after only one etching cycle, meaning that the surface 
oxide layer, compatible with the morphology highlighted in Figure 5.1, constituted 
a thin, sub-10 nm layer. Interestingly, the depth profile analysis showed the 
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progressive appearance of peaks attributed to Ti-N and Ti-NxOy. Furthermore, the 
position of the Ti-N peaks shifted from 397.3 to 396.9 eV, for as-sputtered Ti-TiN 
films and anodized TiO2-N, respectively, whilst the peak area became broader. This 
result may be attributed to the generation of atomic β-N states in the TiO2 lattice, 
assigned to substitutional N-doping, as a result of the oxidation process [384, 554, 
555]. The variation of integrated areas correlated to the Ti-N and Ti-NxOy peaks 
was calculated in Figure 5.4.B. At low N loading, such as 4.2 at%, Ti-N constituted 
the major constituent of the N chemical state, at 44.5 %. Conversely, a progressive 
increase of Ti-NxOy states appeared as the N loading increased, from 13.3 to 46.4 
% for 4.2 and 6.9 N at%, respectively. The variation of the ratio (RN) between Ti-
N and Ti-NxOy could be assessed from the observation of Figure 5.4.D, Figure 
5.4.E and Figure 5.4.F and Figure 5.16, referring to a content of N of 4.2, 5.3 and 
6.9 at%, respectively. RN varied drastically from 3.3 to 0.4 for a N loading of 4.2 
and 6.9 at%, respectively, corresponding to a 90% drop, as shown in Figure 5.4.C. 
The elemental N/O ratio (RO) was calculated to assess the incorporation of oxygen 
into the N-TiO2 matrix. Ro increased from 0.07 to 0.14, as reported in Figure 5.4.C, 
for a N content of 4.1 at% and 6.9 at%, in good agreement with the loss of Ti (0) 
chemical state reported in Figure B.9 and the increase of available nitride bonds as 
reaction sites during the anodization. This result can be explained by the tendency 
of O2 to oxidize the available Ti (0) states and subsequently react with the nitride 
bonds to form Ti-oxynitrides, prior to reach a complete conversion to TiO2 [539, 
550, 556]. High deposition power of as-sputtered Ti-TiN films reduced the content 
of available Ti (0), as showed in Figure 5.9, therefore O2 could potentially react on 
a higher extent of nitride bonds to form under-stoichiometric intermediate species 
such as Ti-oxynitrides. Although the presence of β-N can be observed by the Ti-N 
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peak broading and shift towards lower binding energy, it can be assumed that the 
electrochemical oxidation induced preferentially the formation of Ti-oxynitrides 
from the Ti-N species and TiO2 from the Ti(0) states. The formation of β-N can be 
therefore ascribed to diffusion of N generated from the reaction of Ti-N with O 
towards reactive Ti-O sites in an oxidative environment [388, 557]. 
 
5.4 Optical Properties and photocatalysis 
The impact of the N loading and specific chemical state on the optical response 
of the TiO2-N substrates was consequently evaluated. The light absorption was 
assessed by Diffuse Reflectance Spectroscopy (DRS) [481] spectra analysis of the 
substrates and the Kubelka-Munk (F(K-M)) function was reported in Figure 5.5.A 
and in Equation A.2, used as an approximation of the TiO2-N substrate absorption 
[482, 483].  
 
 
Figure 5.5 Kubelka-Munk function (A) for series of anodized TiN films at different 
N at% loading: : ▬ as-annealed TiO2, ▬ 4.1 at%, ▬ 4.6 at%, ▬ 5.3 at%, ▬ 6.4 
at%, ▬ 6.9 at%. (B): calculated band-gap from Tauc plot equation for different N 





An increase in the absorption edge between 380 and 430 nm was revealed 
for a N loading of 4.2 at%. The shoulder at the absorption edge started to become 
less pronounced and progressively leant towards the TiO2 line slope for N loading 
higher than 5.3 at%. The F(K-M) spectra presented an oscillatory trend typical in 
thin films affected by the interference phenomenon, attributed to light beam 
traversing surface layers presenting a difference in refractive index [479, 484-486]. 
The Tauc plot was assessed to evaluate the semi-conductor band-gap according to 
Equation A.3 and Equation A.4. As-annealed TiO2 presented a band-gap value of 
3.4 eV as shown in Figure 5.5.B, in good agreement with the values reported in 
literature varying from 3.1 to 3.87 eV [62, 467, 484]. A band-gap minimum of 2.7 
eV is registered for a N loading of 4.1 at%, representing a 20% decrease from pure 
TiO2. Conversely, the highest N loading (6.9 at%) led to the highest band-gap 
value, 3.2 eV. Interestingly, the trend registered in Figure 5.5.B complied with the 
correlation between N loading in N-doped TiO2 and resulting band-gap reported in 
previous studies. A band-gap minimum is observed for N at% < 3 [527, 558], whilst 
an increase of N content could not lead to a narrower band-gap [528]. High 
concentration of N is also expected to be detrimental to the photoelectron 
efficiency, as the O vacancies induced to attain the charge neutrality can act as a 





Figure 5.6 Degradation of methylene blue for different TiO2-N substrates at 
different N at% loading under UV-visible light (A) and visible light (B): ▬ as-
annealed TiO2, ▬ 4.1 at%, ▬ 4.6 at%, ▬ 5.3 at%, ▬ 6.4 at%, ▬ 6.9 at%. Kinetic 
ratio evaluation of k TiO2-N/k TiO2 at 320-480 nm light filter and 400-500 nm light 
filter (C), cyclability test for TiO2-N substrate with 4.1 at% N loading (D). 
 
The photocatalytic efficiency of the N-doped TiO2 substrates was evaluated 
on MB, used as a reference organic molecule for benchmark studies [505]. First, 
the degradation of MB was carried out under a 320-480 nm filter applied on the 
UV light source. To inhibit the photolysis of MB, no wavelength above 500 nm 
was applied [506]. The benchmark TiO2 nanotubes could degrade only ~80% of 
the original MB concentration after 6 h of treatment as shown in Figure 5.6.A. The 
optimal performance was attributed to TiO2-N substrates containing 4.1 at% of N, 
which could achieve a ~80% degradation of MB in ~3 h. However, as the 
concentration of N doping increased further, the degradation kinetics was not 
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improved. Only 60% of MB could be removed by TiO2-N containing 6.9 at% of N 
in 3 h. As observed for the visible light absorbance and the calculated band-gap, a 
specific concentration of N could be indicated as the most efficient across the series, 
whilst past this point any addition of N was not advantageous to the catalytic 
performance. Furthermore, an increase in N content, from 4.1 to 6.9 at%, 
determined a higher concentration of Ti-NxOy and a decrease of the RN ratio to 
from 3.3 to 0.4 as shown in Figure 5.4.B and Figure 5.4.C. This result can be 
associated with the conversion of Ti-N into an excess of Ti-NxOy favoured by high 
content of N, potentially leading to the formation of oxygen vacancies acting as 
charge recombination centre [396, 524]. The degradation kinetics for TiO2 films 
are expected to be slower than those for TiO2 nanoparticles, which are in the range 
of 10-180 min [255, 284, 452]. TiO2 nanoparticles typically present higher specific 
surface area and low bulk charge recombination than TiO2 films when fabricated 
in an optimal size in the sub-10 nm range [255, 560]. However, the fabrication of 
TNT films allows for fast charge transport rate and better control of crystallinity 
and surface functionalities than in NPs, leading to fastest degradation kinetics up 
to 4 times if compared to commercial TiO2 NPs [561]. In this study, the degradation 
of MB occurred in a time range of hours, in good accordance with studies on 
surface-decorated TiO2 nanotubes or doped TiO2 substrates [406, 507]. 
Specifically, the TiO2-N TNT substrate containing 4.1 at% of N presented similar 
degradation kinetic under UV light of N-doped TiO2 NPs fabricated by calcination 
at 400 to 600 °C, resulting in a 35-40% degradation in 30 min [562]. 
The photo-catalytic kinetic constants were calculated and shown in Table 
B.7. The degradation of organic compounds in heterogeneous catalysis can be 
modelled according to Langmuir-Hinselwood kinetic theory as shown in Equation 
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A.5 and Equation A.6. [322] The degradation of MB over TiO2-N substrates was 
in good accordance with a pseudo first-order kinetics for two substrates, including 
the TiO2-N catalysts containing 4.1 at% of N which showed the best photocatalytic 
performance. As observed in Chapter 4, the doped TiO2 substrate presenting the 
fastest degradation rate can be described, in terms of reaction kinetic, with a 
pseudo-first-order while slower photocatalysts can be modelled with a zero-order 
kinetic rate. As previously discussed, zero-order kinetic reactions are ascribed to 
heterogeneous catalytic reactions limited by the molecular diffusion of reactants at 
the interface within the catalyst and the solution. The surface density, 
photoactivation, saturation and consequently turnover rates of the catalytic sites 
play therefore a critical role in determining the reaction kinetic mechanism. The 
correlation within the fastest degradation rate and kinetic order would suggest that 
the best performing doped-TiO2 catalysts, including the TiO2-N 4.1 at% N 
discussed in this Chapter, present a favourable combination of morphological and 
photoelectronic properties affecting the reaction rate. Consequently, a higher 
activity and density of catalytic sites can shift the reaction kinetic from zero to 
apparent first-order. In the case of catalytic TiO2-N substrates, the severe variation 
of morphology observed in Figure 5.1 indicates that the catalytic surface and the 
surface density of active sites were radically different across the series of doped 
TiO2-N substrates. The fastest pseudo first-order kinetics could be attributed to a 
4.1 at% N concentration, resulting in a kinetic constant of 9.1 10-3 min-1 which 
represented almost a threefold raise from pure TiO2, standing at 3.4 10
-3 min-1. 
Nonetheless, the kinetic constant dropped as the N concentration in TiO2-N 
increased, down to 6.9 10-3 min-1. The results were in good accordance with the 
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visible light sensitization reported in Figure 5.5.A and the detrimental effect of 
high N doping and Ti-NxOy content previously discussed.  
The activity of the TiO2-N substrates under pure visible light was tested by 
applying a 400-500 nm filter to the light source. Interestingly, only the substrate 
presenting a N loading of 4.1 at% showed a significant activity under pure visible 
light, degrading 50 % of MB in 6 h, as seen in Figure 5.6.B. As the concentration 
of N increased, the degradation became slower, down to 17 % and 14 % for as-
annealed TiO2 and TiO2-N with 6.9 at% N doping, respectively. The little activity 
registered for as-annealed TiO2 can be attributed to the presence of a small amount 
of photoactive Ti suboxides, as shown in Figure B.18. It can therefore be confirmed 
that increasing the N loading from 4.1 at%, corresponding to the minimum band-
gap of 2.7 eV, was detrimental to the visible light activity and almost inhibited the 
MB degradation. The kinetic constants were evaluated and reported in Table B.8. 
In this case, a zero-order kinetic model fitted adequately the calculations. Zero-
order kinetic models are typical of reactions where the surface of active sites is 
quickly saturated and mass diffusion, rather than the concentration of reactive 
species, becomes the controlling stage [506, 510]. The fastest degradation rate was 
assigned to a 4.1 at% N loading, presenting a kinetic constant of 1.9 10-3 mol/min 
whilst the rate became progressively slower upon the addition of further N doping. 
Compared to N-doped TiO2 NPs, the kinetic constant was of the same order of N-
doped TiO2 fabricated by sol-gel method [563]. Furthermore, TiO2-N containing 
4.1 at% of N presented slight superior kinetic constant than N-doped sputtered TiO2 
films presenting N concentration of 1.2 at% [384]. Interestingly, TiO2 nanospheres 
containing TiO1-xNx could lead to a fastest degradation of MB by nitriding TiO2 
nanosphere for at least than 7 h at 700 °C [522]. This result was associated to the 
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appearance of a broad peak between 396.5 and 398 eV upon 7 h of nitridation 
treatment, however no quantitative analysis of the N chemical state was carried out 
to determine the role of the different N species.  
The impact of N loading on the kinetic constant for both experiments was 
further investigated. A kinetic ratio, representing the variation of kinetic constant 
for TiO2-N compared to as-annealed TiO2, was calculated and reported in Figure 
5.6.C. TiO2-N substrate presenting the minimum N doping, 4.1 at%, and the 
minimum band-gap, 2.7 eV, outperformed the rest of the series, showing a 
maximum kinetic ratio of 2.7 and 3.3 under UV-visible and pure visible light, 
respectively. Conversely, the highest N doping, corresponding to 6.9 at% of N, led 
to a 30% reduction of photocatalytic rate under visible light. Apart from the 
different surface morphology revealed across the series of TiO2-N substrates, the 
main factors that could have affected the visible light sensitization and the catalytic 
activity are the N doping concentration and the N chemical state. It was 
demonstrated that an increase of N doping led to a strong change of Ti-N/Ti-NxOy 
ratio, from 3.3 to 0.4 for 4.1 and 6.9 at% loading, respectively. The drastic decrease 
of this factor can therefore be correlated to the loss of catalytic performance, 
possibly due to a variation of electronic configuration in the band-gap and the 
addition of charge recombination centres as previously stated.  
The efficient removal of MB was evaluated in a recyclability study shown 
in Figure 5.6.F, carried out on the best performing sample, TiO2-N with 4.1 at% N 
loading under UV-visible light irradiation. The kinetic constant decreased from 9.1 
10-3 min-1 to 6.1 10-3 min-1 upon three catalytic tests under visible light, 
corresponding to a loss of 33% in kinetic activity. Nevertheless, the degradation of 
MB only decreases slightly, from 75% to 65%, after 3 h of test. This result can be 
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interpreted as some catalytic sites were blocked due to a partial desorption of MB 




In this Chapter, TiO2-N TNT substrates have been fabricated by 
electrochemical anodization of as-sputtered Ti-TiN films for the first time. The 
TNTs presented controllable morphology, strictly dependant on the concentration 
of N in the thin film. Low concentration of N, such as 6.2 at%, determined a 
homogeneous, iso-dispersed distribution of tube apertures whereas as the N loading 
increased, the surface showed a higher degree of disordered and the TNTs 
presented a poly-dispersed pore size. Upon anodization, the final quantity of N 
doping into the TiO2-N substrates spanned from 4.1 to 6.9 at%, showing a 
logarithmic growth correlated to the original N content in as-sputtered Ti-TiN film. 
TiO2-N substrates with 4.1 at% N possessed the lowest band gap of 2.7 eV, 
attributed to the introduction of Ti-NxOy species and a Ti-N/Ti-NxOy ratio of 3.3. 
The increased N content was associated to a higher oxidation of Ti-N bonds and 
resulted in a loss of light absorbance and deterioration of the catalytic performance. 
The catalytic enhancement was attained for a N concentration of 4.1 at% and a Ti-
NxOy content of 13.3 %, enabling the degradation of 80% of MB in 3 h under UV-
visible light. The calculation of the kinetic constant showed a threefold increase 




Chapter 6. Fabrication of photocatalytic TiO2-Pd 
junctions by Atomic Layer Deposition 
6.1 Introduction 
The surface decoration of TiO2 1-D and 2-D catalysts has been considered 
as an alternative pathway to the metal or non metal doping routes to improve the 
optical and electronic properties of the material without affecting the TiO2 lattice 
microstructure [403, 404]. Photoactive junctions can be generated by the 
heterogeneous interaction at the noble metal-metal oxide interface, requiring the 
deposition of nanoparticles (NPs) with high specific surface area and controlled 
morphology [420]. Specifically, noble metal NPs can enhance the optical and 
electronic properties upon light irradiation by exploiting the Surface Plasmon 
Resonance (SPR) effect, whereby electrons are excited and transferred at the noble 
metal/semi-conductor interface while the formation of a Schottky barrier prevents 
the charge recombination [412-414]. Noble metals such as Pt, Pd, Au and Ag have 
been investigated as particularly efficient candidates for this purpose and 
consequently applied in applications such as photovoltaics, H2 generation and 
photocatalysis [564-566]. Pd has gained growing attention, since it presents higher 
chemical stability to poisoning and corrosion than Ag [416, 417] and, as Pt, 
possesses better thermal resistance than Au with lower risk of sintering [418, 419]. 
Advanced nanofabrication routes are required to control the seeding of the 
noble nanoparticle across the surface of metal oxides, hence the interface affected 
by the charge transport [332]. The uniform distribution and high density of active 
sites, consisting of noble metal/metal oxide junctions, across the surface is critical 
to provide high specific surface area of catalytic sites [421, 422]. The catalytic 
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performance is directly correlated to the chemical and physical properties of the 
photoactive junction, therefore the deposition process is crucial to optimise size, 
shape and composition of the deposited nanoparticles [428, 567]. 
Atomic Layer Deposition (ALD), a vacuum based deposition technique, has 
emerged as an ideal candidate to uniformly deposit NPs or thin films with 
controllable dimensions at the nanometre scale on challenging porous metal 
supports [431-433]. The fabrication of nano-structured catalysts by ALD offers the 
unique possibility of providing both homogeneous discrete dispersion and 
controlled particle size, hence tailoring the surface density of the catalytic active 
sites [121, 434]. Well-organised nanoparticles can be deposited on nano-structured 
templates, leading to unique catalytic substrates with specific morphological aspect 
and interfaces [568, 569]. ALD represent a scalable, rapid technology enabling the 
design of nanocatalysts with accurate control of distribution, size, composition and 
density with reduced waste and environmental impact [435, 436]. This strategy is 
particularly attractive when considering noble metals such as Pd, since a low 
concentration of this expensive metal is desired to make the process cost-effective 
[432]. Although ALD has been used recently to prepare nanoporous noble metal-
TiO2 materials for electrocatalytic applications [404, 439], only a few studies are 
available on the potential of Pd-TiO2 nanotubes as photoactive substrates towards 
the degradation of POPs [570]. To this end, the impact of the morphology of Pd-
TiO2 junctions and nano-interfaces on the photocatalytic activity is not yet 
understood and largely unexplored. 
In this Chapter, Pd-TiO2 nanotube catalytic junctions with distinctive 
morphology and composition were fabricated via ALD. The physical and chemical 
properties of the supported Pd NPs, and therefore the catalytic interface of Pd-TiO2 
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junctions, were controlled by the ALD process and correlated to the catalytic 
performance. The impact of the SPR combined with the morphology resulting from 
the ALD deposition was discussed to determine the reaction mechanism occurring 
across the Pd-TiO2 junction. The photoenhanced degradation of 2,4 D, used as a 
benchmark POP, demonstrates the potential of ALD as a rising technology to 
manufacture nano-textured catalysts with well-defined chemical and 
morphological properties. The application of advanced nano-engineered materials 
based on Pd-TiO2 junctions can be extended from purely electro-oxidation to sun-
light driven photocatalytic degradation of POPs in wastewater. 
 
6.2 Results and Discussion 
Different Pd-TiO2 junctions with specific morphology and interfaces were 
fabricated with the ALD deposition of Pd. The formation, growth and coalescence 
of the Pd NPs at over the surface top layer of TiO2 nanotubes at different cycles 
were revealed from the observation of Figure 6.1.A, 6.1.C and 6.1.E. Small 
number of NPs exhibiting a mean diameter (D) of 5.1 nm were dispersed over the 
surface after 50 deposition cycles (Figure 6.1.B). The nanoparticles became larger 
between 50 (Figure 6.1.B) and 100 cycles (Figure 6.1.D) with the mean D 
increasing from 5.1 to 7.6 nm. After 250 cycles, coalescence became predominant 
and a thin film was formed over the surface, covering partially the aperture of the 
TiO2 nanopores. The mean diameter of the resulting NPs increased to 13.6 nm 
(Figure 6.1.F). These results are in good agreement with the Volmer-Weber growth 
model for noble metals on metal oxide surfaces, whereby the nucleation of 
nanoparticles starts from localized active sites at low cycle number. As expected 
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from this model, a thin film was formed from the agglomeration of NPs upon long 
deposition cycles [569, 571].  
 
 
Figure 6.1 SEM micrographs and nanoparticle size distribution of ALD deposited 
Pd at 50 cycles, 100 cycles and 250 cycles, (A) and (B), (C) and (D), (E) and (F) 
respectively. 
 
Three distinctive Pd-TiO2 junctions were therefore formed, presenting 
unique morphological characteristics (Figure 6.2) that will affect the available 
catalytic surface at the TiO2-Pd interface. Upon 50 ALD cycles, well-defined NPs 
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were seeded on the nanotube surface layer (Figure 6.2.B and Figure 6.2.F), 
forming a high density of catalytic nano-interfaces across a nominal area. As the 
growth proceeded, the NPs started to agglomerate, leading to the formation of a 
partially continuous film (Figure 6.2.C and Figure 6.2.G). Because of the 
aggregation of particles, the extent of the TiO2-Pd active interface is consequently 
reduced. In this case, the open spots across the discontinuous Pd film constituted 
the only available TiO2 sites. Upon 250 cycles, the surface was entirely covered by 
a thicker film which results in a partial clogging of the nanotube apertures (Figure 
6.1.E and Figure 6.2.D). The catalytic interface of the Pd-TiO2 junctions was 
therefore attributed exclusively to the lower region of the pore aperture 




Figure 6.2 Pd deposition mechanism for as-annealed (A) TiO2 and upon 50, 100 
and 250 ALD cycles, (B), (C), (D) respectively. Pd-TiO2 catalytic junction, 
formation, growth and coalescence of catalytic interfaces upon 50, 100 and 250 




Further insights into the surface morphological variation induced by the Pd 
deposition shown from Figure 6.2.A to Figure 6.2.D were obtained by evaluating 
the SEM micrographs in Figure C.1. The pore aperture dropped significantly from 
56.8 for as-annealed TiO2 to 30.6 nm after 250 deposition cycles (Figure C.2.I). It 
can be observed from Figure C.2.I that the pore aperture Feret is 15% to 25% 
higher than the pore aperture diameter across the series. The presence of a surface 
top layer and the further deposition of Pd led to a pore size distribution smaller than 
the nominal tube aperture as described in the schematic in Figure C.2, complying 
with the typical morphology for a TiO2 top layer stemming from the anodization 
process [315]. 
The stability and integrity of the nanotubular substrate upon ALD 
deposition were assessed with the SAXS at low and medium q-range (Figure 
C.3.A). Three main scattering features were identified, attributed to the tube outer 
diameter, inner diameter, and the double wall, respectively, as defined in Figure 
C.3.B and Figure C.3.C. The first two SAXS knees revealed by the analysis were 
substantially unaltered across the series in terms of q position and intensity. It can 
be therefore inferred that the thermal ALD process did not induce any significant 
variation in the scattering features, attributed to the nanotube morphology [446]. 
The size of the geometrical features calculated on the SEM micrograph in Figure 
C.3.C was compared with the SAXS model developed for each knee as in 
Appendix A (Equation A.1) and Appendix B (Equation B.1). A good agreement 
between the SEM measurement and SAXS analysis (Figure C.3.D and Table C.1) 
has been achieved with a maximum variation of 15% attributed to the size 
calculation of the inner diameter. No significant change in terms of nanotube 
geometrical features across the series of Pd deposition could be observed (Figure 
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C.3.F). It can therefore be assumed that the thermal ALD deposition of Pd does not 
induce any structural change on the nanotube array along its depth.  
The morphological aspect of the Pd-TiO2 junctions was further investigated 
by analysing the SAXS patterns across the series of Pd deposition at high q range. 
The knees observed in Figure 6.3.A were attributed to scattering features such as 
nanoparticles or agglomerated particles. The dimension of the scattering features 
fitted by the developed model is in good accordance with the diameter calculated 
from SEM micrographs as shown in Figure 6.3.B. The deposition and further 
coalescence of nanoparticles evaluated by the fitting of SAXS knees led to a 
nominal dimension varying from 4.6 to 14 nm (Table C.2) for 50-cycle and 250-
cycle depositions, respectively. The thickness of the Pd film forming the Pd-TiO2 
junctions was then investigated by ellipsometry measurements. The calculation 
carried out on the spectra from Figure C.4 and reported in Figure 6.3.C is in good 
agreement with the growth model previously introduced in Figure 6.2. After 50 
deposition cycles the nanoparticles responsible for the Pd-TiO2 junction presented 
a thickness of 3.5 nm. The agglomeration and coalescence process led to a final 
thickness of 17.2 nm at 250 cycles of deposition. The presence of a thicker Pd film 
at the Pd-TiO2 interface as previously shown in Figure 6.2.E to Figure 6.2.G was 
confirmed by the chemical analysis conducted by XPS and reported in Figure 
6.3.D. The elemental analysis revealed that up to 2.7 at% of Pd could be introduced 
upon 50 ALD cycles. At 250 cycles, 18.2 at% of Pd was detected as well as 0.3 at% 
of Ti , indicating the formation of a continuous Pd film over the TiO2 surface as 
described in Figure 6.2. Apart from Pd, Ti and O, impurities stemming from the 






Figure 6.3 SAXS scattering intensity at high q (A) and corresponding nanoparticle 
size calculated via SAXS and SEM analysis (B). Pd thickness, Pd and Ti content 
evaluated via Ellipsometry (C) and XPS (D). 
 
The surface chemistry was further investigated to determine the 
composition of the Pd-TiO2 junctions, hence the interface for heterogeneous 
catalytic reactions. The Ti 2p high resolution XPS spectra presented in Figure C.6 
confirms the presence of Ti (IV) species with little or no trace of Ti suboxides or 
Ti (0) metal. Furthermore, the purity of the deposited Pd nanoparticles and films in 
terms of presence of Pd (0) was investigated. The high resolution spectra of Pd 3d 
were deconvoluted for 50, 100 and 250 ALD cycles, which were presented in 
Figure 6.4.B, 6.4.C and 6.4.D, respectively. Pd (0) metal represented the major 
component of the substrates, whilst other Pd oxidation states such as Pd (I) and Pd 
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(II) were revealed. The presence of oxidised species can be ascribed to the 
formation of a thin oxidation layer on top of the deposited Pd, likely due to 




Figure 6.4 XPS analysis of Pd oxide content (A) and elemental state conducted via 
XPS at different ALD deposition cycles, 50, 100 and 250, (B), (C) and (D) 
respectively. XPS micrographs legend:▬ Pd scan, ▬ Pd (0), ▬ Pd (I), ▬ Pd (II), 
▬ Pd model. 
 
Interestingly, as shown in Figure 6.4.A, the concentration of Pd (0) can be 
correlated to the number of deposition cycles, increasing from a minimum of 63.9 
to a maximum of 82.8 at%, for 50 cycles and 250 cycles respectively, the rest 
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consisting of Pd oxides. The long ALD deposition cycles therefore only led to 
further deposition of Pd on Pd which does not further contribute to the formation 
of junctions between Pd and TiO2. To achieve a high catalytic surface at the Pd-
TiO2 interface, the optimised Pd content was between 2.7 and 14.1 at%, attainable 
by varying the ALD deposition cycles between 50 and 100 cycles. If the exposure 
to air upon deposition was the only process responsible for the partial oxidation, 
the presence of Pd oxides would be constant across the series. In this case, however, 
it is likely that the higher content of oxidised Pd at 50 deposition cycles is related 
to Pd-O bonds unreduced on the surface of TiO2 nanotubes [434]. Conversely, the 
growth of particles from islands or other agglomerates occurring at longer 
deposition cycles favoured the formation of pure metal Pd more than the TiO2 
surface where different reaction mechanism during the nucleation stage may occur 
[572]. 
The impact of the number of ALD deposition cycles was not limited to the 
surface morphological and chemical properties, as it also affected the 
microstructure of the deposited layer. The XRD patterns presented in Figure 6.5.A 
revealed that crystalline Pd was formed only for longer deposition durations, when 
(1 1 1), (2 0 0) and (2 2 0) planes appeared at 40.15, 46.48 and 68.23 2θ° 
respectively (ICDD card 00-046-1043). No evidence of crystalline Pd could be 
found for the 50 and 100 deposition cycles, meaning that the crystallite size was 
likely under the size detection limit for the technique. Nevertheless, no trace of 
crystalline Pd oxides could be observed, meaning that these species are likely 
amorphous and forming only a thin of layer 1-2 nm on top of the agglomerates 
observed at 100 or 250 cycles [573]. The annealed TiO2 substrate presented typical 
anatase crystalline planes (1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 1 1), (2 0 4) at 25.35, 
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37.76, 48.06, 54, 55.21, and 62.8 2θ° respectively (ICDD card 04-015-2316). No 
TiO2 rutile could be observed, suggesting that the thermal ALD deposition did not 
induce any phase transition from anatase to rutile into the matrix.  
 
 
Figure 6.5 (A): Pd-TiO2 XRD analysis with corresponding crystalline structures. 
(B): DRS spectra and corresponding tauc plot (C) of as-fabricated substrates: ▬ 
TiO2 annealed, ▬ Pd-TiO2 2.7 at% Pd, ▬ Pd-TiO2 14.1 at% Pd (II), ▬ Pd-TiO2 




The optical properties of the as-fabricated Pd-TiO2 junctions were 
investigated. The UV-visible diffuse reflectance spectra were acquired and 
analysed in terms of Kubelka-Munk function (K-M) (Figure 6.5.B), representing 
an approximation of the light absorbance, as calculated in Appendix A (Equation 
A.2) [481, 483]. Interestingly, the enhanced absorption in the visible light range is 
comparable to the shift observed in previous studies and typically attributed to the 
SPR effect [417, 424]. The introduction of Pd resulted in a remarkable increase in 
light absorption from the light UV (372 nm) to all the visible spectra with a slight 
shift in the absorption edge of TiO2 [574, 575], as observed for Pd nanoparticles 
deposited on metal oxides [410, 566, 576]. However, the lack of clear absorption 
features at specific wavelength and the presence of intense absorption over the 
visible range instead suggest that the absorption is due mostly to non-radiative 
decay of SPR, known as hot electron effect, rather than a radiative decay of 
localized SPR [425, 577, 578]. According to the hot electron mechanism, electrons 
are generated via inter or intra-band transitions and subsequently injected into the 
CB of the metal oxide semiconductor [575, 579]. The interface within the noble 
metal and the semiconductor is therefore crucial to facilitate the charge carrier 
separation on the metal nanoparticles. Band gap calculation presented in Figure 
6.5.C showed no remarkable difference from TiO2 anatase and a Pd loading of 2.7 
at%, calculated at 3.2 and 2.91 eV, respectively, while no clear absorption edge 
could be assessed for the rest of the series due to the intense light absorption. This 
result confirms that the deposition of noble metal on metal oxides has little or no 
influence on the semiconductor band-gap [410, 574, 575]. 
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The presence of a synergetic effect on the visible light activation due to Pd-
TiO2 junctions was further evaluated by calculating the photocurrent generated 
upon visible light irradiation, presented in Fig. C.7.A. The discrete deposition of 
Pd nanoparticles at a concentration of 2.7 at% and an average size of 5.1 nm upon 
50 ALD cycles led to the highest photocurrency of 4.2 µA/cm2, in good accordance 
with the electron-harvesting capability of noble metal NPs and the SPR effect 
attained on metal-semiconductor heterostructures. [580, 581] It can be observed 
that the growth and agglomeration of Pd, resulting in a thicker, uniform film of 17.2 
nm in size as highlighted in Fig. C.7.B, was detrimental to the generation of 
photocurrent as it hindered the charge transfer at the Pd-TiO2 interface. [582, 583] 
The Pd film generated upon 250 cycles led to the minimum current density of 0.7 
µA/cm2, corresponding to a 6-fold decrease compared to the photojunction 
presenting a discrete distribution of NPs with an average size of 5.1 nm. The control 
of the Pd NP size and growth process, which affects the morphology of the Pd-TiO2 
interface is therefore critical to enhance the current density of photogenerated 
species, as shown in Fig. C.7.B. A trade-off scenario between the Pd-TiO2 
heterostructure morphology and the photoresponse can be exhibited, indicating that 
a fine control of the Pd-TiO2 interface formation and growth process is required to 
enhance the photoelectrochemical properties. 
The nature of the light-triggered catalytic mechanism was therefore 
formulated for this study. According to the literature, Pd nanoparticles can enhance 
the photocatalytic activity of a substrate by (i) acting as an e- collector to hinder the 
electron/hole pair recombination [420, 423] (ii) providing additional active surface 
area towards the adsorption of organic molecules, or (iii) increasing the e- 
generation and transferring by SPR including the hot electron mechanism[414, 417, 
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424]. The mechanism of Pd/TiO2 interaction and light-driven e-h generation under 
visible light has been widely described [414, 429]. When exposed to visible light, 
e- located below the Fermi level of the Pd NPs are excited and therefore transferred 
into CB, leading to the formation of (h+) species in the VB [427]. These electrons 
are then dislocated into the TiO2 conduction band due to the formation of Schottky 
barriers at the metal semiconductor interface (Figure 6.6.A), which also prevents 
the backflow of electrons into the noble metal [414, 424]. As the CB of TiO2 is an 
electron acceptor, it readily accepts the electrons that are transferred from the Pd 
NPs to form superoxide anion radicals (•O2 
−) and OH- species [414, 427]. 
Conversely, pure TiO2 is largely inactive under pure visible light radiation and no 






Figure 6.6 (A) and (C), proposed catalytic degradation mechanism of methylene 
blue and 2,4 D over Pd-TiO2 with pure visible light and UV-visible light applied, 
(B) and (D), as-annealed TiO2 under the same conditions. 
 
When the substrate is irradiated with UV-visible light (Figure 6.6.C and 
Figure 6.6.D), the e- from the TiO2 VB can be excited, in accordance with the band-
gap theory for semi-conductors. In this case, the Fermi Level of Pd is lower than 
pure TiO2 [584], thus the e
- produced via band gap excitation on anatase can be 
transferred and efficiently separated from the h+ species, increasing the catalytic 
efficiency [410, 420]. The formation of oxidating agents can be therefore enhanced 
by the presence on the noble metal nanoparticles which provide additional active 
sites for the generation of light-triggered e- - h+ couples and the separation of charge 
carriers from TiO2 [430]. The efficiency and rate of the red-ox reactions towards 
the degradation of organic molecules results in a better light-response and catalytic 
performance than pure anatase [585]. 
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Nonetheless, the evaluation of the synergetic effect of the surface 
morphology and the presence of Pd NPs is crucial to assess the catalytic efficiency, 
as the excess loading of metal particles may cover active sites on the TiO2 surface, 
thereby hindering the performance due to a lack of active Pd-TiO2 junctions [576]. 
In order to assess the photocatalytic efficiency and evaluate the different 
degradation mechanisms postulated, photocatalytic experiments were carried out 
on the Pd-TiO2 junction using MB as a benchmark dye [505]. It can be observed 
that the fastest degradation rate under UV-visible light and pure visible light was 
attributed to the Pd-TiO2 junction containing 2.7 at% of Pd and providing the 
highest catalytic surface extent over the deposited NPs, as presented in Figure 
6.7.A and Figure 6.7.C, respectively. In this catalytic experiment, 90% and 50% 
of the organic dye could be degraded under 5 h with either a UV-visible or pure 
visible light, respectively. However, pure TiO2 could degrade only 60% of the same 
dye when UV-visible light is applied, whereas the performance was largely 
negligible when a visible light filter was applied (Figure 6.7.C). The results 
indicate that the Pd-TiO2 junctions possessing the fastest kinetics fabricated in this 
study outperformed Pd-loaded mesoporous TiO2 (Table C.3), whilst the activity 





Figure 6.7 (A) and (C), degradation of methylene blue, (B) and (D), degradation 
of 2,4 D under 320-480 nm and 400-500 nm light filter, for different Pd-TiO2 
substrates: ▬ TiO2 annealed, ▬ Pd-TiO2 2.7 at% Pd, ▬ Pd-TiO2 14.1 at% Pd (II), 
▬ Pd-TiO2 18.2 at% Pd. (E) and (F), kinetic constant of Pd-TiO2 over kinetic 





Interestingly, under UV-visible radiation the kinetic degradation 
mechanism can be ascribed to an apparent first-order kinetic calculated from the 
Langmuir-Hinselwood model [58, 586], (Equation A.6) as evident from the 
calculation of kinetic constants and R2 factors reported in Table 6.1. The apparent 
first-order kinetic constant k’ attributed to the 2.7 at% Pd loading stands at 6.61 10-
3 min-1, 2.15 times higher than pure TiO2. Conversely, the MB degradation under 
pure visible light can be better described with a zero-order kinetic model, as evident 
from Table 6.2, with the highest kinetic constant attributed to a 2.7 at% loading of 
Pd at 1.68 10-3 mol/min. Interestingly, in this case the introduction of Pd resulted 
in a 4-fold increase of the k Pd-TiO2/k TiO2 ratio, as shown in Figure 6.7.E, while 
as-annealed TiO2 could only degrade 10% of the organic dye. As a result of the 
evaluation of the kinetic constants, two distinct degradation kinetics should be 
taken into account to complement the general reaction mechanism. Notably, zero-
order kinetics (Equation A.7) in heterogeneous photocatalysis are attributed to 
mass diffusion-limited reactions due to surface saturation [58, 506], whilst pseudo 
first-order kinetics show a linear dependence of the reaction rate to the 
concentration of the dye in the solution along the degradation process [410]. It is 
therefore likely that under pure visible light surface saturation of active sites, 
consisting almost exclusively of Pd-TiO2 junctions, was limited by the density of 
active sites and their saturation, therefore inducing a zero-order kinetic as reported 
in [587, 588]. Conversely, under UV-visible light both TiO2 anatase and Pd-TiO2 
sites are responsible for the catalytic phenomena as discussed in Figure 6.5. The 
combination of two different catalytic sites, including the Pd NPs as sites enhancing 
the red-ox reactions, can foster the reaction rate by altering the surface saturation 
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isotherm and therefore the adsorption/desorption equilibrium on different active 





Table 6.1 Calculated kinetic constants for 0 order reactions and pseudo-first order for methylene blue under 320-480 nm light filter. RK is defined 












at% 10-3 mol/min 10-3 mol/min  10-3 min-1 10-4 min-1   
0 2.08 1.25 0.99 3.07 0.95 0.99 1 
2.7 3.12 2.88 0.92 6.61 1.47 0.99 2.15 
14.1 2.85 2.28 0.96 5.33 1.69 0.99 1.74 





Table 6.2 Calculated kinetic constants for 0 order reactions and pseudo-first order for methylene blue under 400-500 nm light filter. RK is defined 












at% 10-3 mol/min 10-3 mol/min  10-3 min-1 10-4 min-1   
0 0.39 0.14 0.99 0.42 0.14 0.99 1 
2.7 1.68 0.62 0.99 2.27 0.68 0.99 4.27 
14.1 1.52 1.44 0.99 1.94 0.14 0.95 3.87 





The catalytic efficiency of the Pd-TiO2 substrates and the degradation 
mechanism postulated were subsequently evaluated on the degradation of a 
recalcitrant and hazardous pesticide, 2,4-D. Typically, nanoporous Pd-loaded TiO2 
substrates are prepared as electrode material for the electro-oxidation of organic 
compounds [589, 590]. Up to now, only a few studies are available on the 
photocatalytic activity of noble-metal decorated TiO2 nanotubes on the degradation 
of POPs, which remains largely unexplored. The removal of the pesticide was 
assessed under the conditions described above and reported in Figure 6.7.B and 
Figure 6.7.D. Similar to that for MB, the best catalytic performance could be 
assigned to a 2.7 at% loading of Pd, confirming the highest activity attributed to 
this specific catalyst loading and resulting morphological aspect of the Pd-TiO2 
junction. In this case, 70 % and 35% of degradation were observed for a UV-visible 
and pure visible light filter, respectively, upon 5 h of treatment. As-annealed TiO2 
showed a weaker activity, degrading only 15% of pesticide in the first case whilst 
no significant degradation of the pesticide under pure visible light was detected.  
When compared to other noble-metal loaded nanoporous substrates as 
reported in Table C.4, the best-performing Pd-TiO2 junction fabricated in this 
study presented similar activity to Ag-loaded TiO2 nanotubes under similar 
conditions. The same junction showed fastest degradation kinetics when compared 
to Pd-TiO2 nanotubes and rGO-Pd-TiO2 tested on the degradation of diclofenac, a 
recalcitrant pharmaceutical product. Nonetheless, these studies did not postulate 
any significant notion on the role of the morphology, interface and surface 
chemistry of the as-fabricated catalyst, which remains largely unknown. 
Interestingly, the substrate containing the highest Pd content at 18.2 at% 
presented the worst degradation efficiency, close to as-annealed TiO2, as shown for 
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MB. The weak or extremely low catalytic activity shown for pure TiO2 and the 
highest Pd loading, representing a complete surface coverage with Pd catalyst and 
no access to the metal oxide beneath, supports the presence of a synergetic effect 
on the Pd-TiO2 junction. In this case, a threshold between Pd loading and formation 
and coverage of active sites should be taken into account, in good agreement with 
previous studies where an increase of Pd catalyst deposition led to significant drop 
in efficiency [576, 591]. Further assumptions can be drawn on the presence of a 
synergetic effect between the morphology of the catalytic junction and the 
distribution and growth of Pd NPs. It has been demonstrated that an excessive 
loading of metal particles may cover active sites on the TiO2 surface as the Pd 
particles grow and agglomerate on each other, thereby reducing the active Pd-TiO2 
interface and consequently, the photo-degradation efficiency [414, 415].  
The kinetic constants were subsequently analysed to further evaluate the 
kinetic mechanism. The highest kinetic constant was attributed to Pd-TiO2 at 2.7 
at% Pd loading, as discussed, corresponding to 2.38 10-3 mol/min and 1.35 10-3 
mol/min for a 320-480 and 400-500 nm light filter, respectively. In this case, the 
deposition of the catalyst led to a k-Pd/k-TiO2 ratio of 4.45 under UV-visible light, 
showing an enhancement if compared to the case study of MB (Figure 6.7.F). 
Interestingly, the degradation of 2,4 D can be described with a zero-order kinetic 
model, as evidenced in Table 6.3 and Table 6.4, meaning that the pesticide 
interacts with the active sites differently than methylene blue. It can be noticed that 
none of the external factors that could have affected the catalytic degradation were 
changed along the experiments, including the TiO2 substrate, the lamp irradiance, 
the concentration of targeted molecule and the working distance [592]. 
Consequently, the variation of kinetic mechanism can be ascribed to the different 
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surface saturation and adsorption/desorption equilibrium generated by the dye and 
the pesticide on the catalytic sites, which can be attributed to their different 
nature.[593, 594]. The comparison of Figure 6.7.F and Figure 6.7.G shows that 
the Pd-TiO2 junction at 2.7 at% loading led consistently to higher kinetic rate than 
as-annealed TiO2. The most significant improvement in performance can be 
attributed to the degradation of 2,4 D, as the kinetic ratio was increased twice more 
than for methylene blue in the case of UV-visible light radiation. Interestingly, the 
Pd-TiO2 at 2.7 at% Pd loading was the only active catalyst in the degradation of 2,4 
D under pure visible light, with comparable 0-order kinetic constant than registered 
for the degradation of methylene blue. This result confirms the potential benefit of 
the preparation of Pd-TiO2 junctions with controlled morphological aspect and 
composition towards the degradation of POPs.  
The stability of the Pd-TiO2 junction presenting the best catalytic 
performance was assessed on the degradation of 2,4-D under UV-visible light 
irradiation. The degradation of 2,4-D was carried out for three times on the same 
substrate, resulting in the cyclability test shown in Figure C.8. It can be observed 
that the kinetic constant related to the 2,4-D degradation was reduced from 2.38 to 
1.6 10-3 mol/min, corresponding to a 32% loss, upon 3 catalytic tests. Nonetheless, 
the Pd-TiO2 catalyst presenting a 2.7 at% Pd loading could reach a 46% degradation 
of the original 2,4-D concentration upon 3 cycles compared to the 66% degradation 
obtained on the first test, indicating that most of the catalytic sites have retained 
their activity. In this regard, the loss of activity on TiO2 nanotubes upon cyclic 
testing has been previously reported and discussed [511]. This phenomenon can be 
attributed to a lower yield of oxidating agents obtainable upon light irradiation due 
to the consumption of available lattice O, whilst carbon-rich species such as 
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degradation by-products can potentially adsorb on the catalyst surface and 
deactivate the active sites. [512] Similarly, the catalytic performance may have 
been undermined by the partial deactivation of Pd, typically ascribed to the 
incorporation of C to form stable palladium carbides molecules or carbon 
overlayers on Pd NPs, [595, 596] hence reducing the generation of photoelectrons 
and the catalytic activity upon cyclability tests. The catalyst regeneration may be 
therefore required to improve the stability over several catalytic cycles, including 
mild heat treatments to promote the decomposition of carbonaceous species while 
preventing the Pd NP sintering. 
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Table 6.3 Calculated kinetic constants for 0 order reactions and pseudo-first order for 2,4 D under 320-480 nm light filter. RK is defined as the 












at% 10-3 mol/min 10-4 mol/min  10-3 min-1 10-4 min-1   
0 0.54 0.54 0.99 0.57 0.54 0.95 1 
2.7 2.38 1.85 0.98 3.75 2.27 0.96 4.45 
14.1 1.51 0.73 0.99 1.93 0.61 0.99 2.81 





Table 6.4 Calculated kinetic constants for 0 order reactions and pseudo-first order for 2,4 D under 400-500 nm light filter. RK is defined as the 












at% 10-3 mol/min 10-4 mol/min  10-3 min-1 10-4 min-1   
0 -- -- -- -- -- -- na 
2.7 1.35 1.65 0.99 1.65 1.80 0.90 na 
14.1 -- -- -- -- -- -- na 




The surface decoration of TiO2 nanotubes with Pd NPs has been investigated in 
this Chapter has valuable alternative to conventional doping strategies. The results 
observed showed a significant impact of the morphological, microstructural and 
surface chemistry of the different noble metal/semi-conductor interfaces obtained 
by the ALD process. The fastest degradation rate under UV-visible light and pure 
visible light was obtained with the Pd-TiO2 photocatalysts containing 2.7 at% of 
Pd. 70 % degradation of the 2,4D pesticide and 90% degradation of methylene blue 
were reached for this nano junction. The reaction mechanisms of the heterogeneous 
catalytic degradation of methylene blue and 2,4 D has also been discussed, based 
on the observation of the SPR effect and the resulting removal of the organic 
molecules. The Pd-TiO2 nanocatalysts presented faster degradation kinetics than 
pure TiO2, which was strongly affected by the morphological properties and 
catalytic interface between the oxide and the metal NPs. The outcomes of this 
Chapter demonstrate the significance of ALD as a nanofabrication route to finely 
control the chemical and morphological aspects of photocatalysts, and pave the way 





Chapter 7. Critical evaluation of materials and 
performance 
This chapter provides a critical outlook on the relevant outcomes achieved on 
each chapter, in terms of synthesis of photo-efficient TiO2-based nanomaterials. 
Potential improvement and development strategies are presented upon a 
comparison of performance with other doped 1-D and 2-D TiO2 nanostructures 
applied in photocatalysis. 
 
7.1 Visible light sensitization and catalytic activity 
The synthesis approach followed in this PhD study resulted in the controlled 
fabrication of doped-TiO2 nanotubes (TNTs) with narrowed band-gap and tuneable 
surface properties, such as pore size, pore density and distribution of active catalytic 
sites. 
The variation of chemical composition of the Ti-alloy prior to the 
electrochemical anodization, or the number of ALD deposition cycles, were the 
main parameters used to tailor the incorporation of a doping agent. Different levels 
of doping concentrations were achieved, leading to a range of modified band-gaps 
with different light response. The performance of the doped-TNTs was tested on 
methylene blue (MB), used as a benchmark for the evaluation of catalytic 
performance (ISO 10678; 2010) [597], and 2,4-D as a reference pesticide [598]. 
The outcomes of the different doping strategies on the catalytic removal of both 
the organic molecules can be summarised in Figure 7.1. the degradation of 
methylene blue (Figure 7.1.A and Figure 7.1.C) and 2,4-D (Figure 7.2.B and 
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Figure 7.2.D) was carried out under UV-visible irradiation on a 320-480 nm light 
filter or on pure visible light, filter at 400-500 nm, respectively. 
 
 
Figure 7.1 (A) and (C), degradation of methylene blue by different doped-TiO2 
nanotubes under 320-480 and 400-500 nm light filter, respectively. (B) and (D), 
degradation of 2,4-D by different doped-TiO2 nanotubes under 320-480 and 400-
500 nm light filter, respectively. 
 
It can be observed that the degradation of methylene blue was faster than 2,4-
D under both light radiation. The fast degradation rate of MB on TiO2 
nanomaterials is predictable, as concentration of the dye up to 8 mg/L can be 
degraded in less than 30 min by a proper combination of TiO2 nanopowder 
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concentration, UV irradiation and pH. [592, 599]. Under pure visible radiation, 
carried out at a wavelength range below 500 nm to prevent photolysis [506], 
annealed TNTs are mostly inactive while different performances can be registered 
depending on the doping, its concentration in TiO2 and the induced band-gap. 
In the case of MB, the fastest degradation kinetic was attributed to the Pd-TiO2 
junctions and the TiO2-Ta doped with 17.4 at% Ta, both presenting a band-gap 
of ̴2.9 eV. The ratio between the kinetic constant of each doped-TiO2 substrate and 
kinetic constant of TiO2 was expressed by the kinetic ratio KR. It can be observed 
from Figure 7.2 that the catalytic performance did not increase linearly with an 
increase in band-gap under a 400-500 nm light radiation. TiO2-Pd and TiO2-Ta 17.4 
at% Ta presented a KR of 4.6 and 4.3 respectively, while TiO2-N presenting a band-
gap of 2.7 eV showed only a 3.1 increase in degradation rate. 
 
 









Figure 7.3 Variation of KR for series of doped-TiO2 under (A) UV-visible light 
radiation and (B) pure visible light radiation. On the right, % of degradation of 2,4-
D upon 3 h of catalytic test. 
 
The non-linear variation of kinetic rate with the band-gap can be explained by 
the contribution of other factors [600], such as specific surface area available for 
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the catalytic reactions, surface chemistry involved in the degradation process and 
presence of charge recombination centres [78]. Furthermore, although the KR on 
the degradation of methylene blue was effectively increased up to a value of 4.4 for 
TiO2-Pd under UV-visible irradiation, only 60% of the pesticide could be degraded 
upon 3 h of test. The enhanced catalytic efficiency of the TiO2-Pd can be attributed 
to the presence of Pd NPs and the exploitation of the Surface Plasmon Resonance 
effect, other than a simple reduction of band-gap. The catalyst morphology is also 
radically different from anodized Ti alloys, as in TiO2-Pd the catalytic reactions are 
governed by the TiO2-Pd heterogeneous interface. The synthesis of nanocatalytic 
junctions made of noble-metal/semiconductors or hybrid structures is expected to 
provide enhanced electron transfer and low charge recombination, therefore 
improving the catalytic degradation rate [601]. The photocatalytic degradation 
processes involve the investigation of phenomena, such as the physical and 
chemical interactions within the catalytic surface and the pollutant, that go beyond 
achieving the simple light sensitization of the material [163]. Rather than pure 
visible light activation via band-gap engineering, the synthesis of photoefficient 
surfaces providing high density of catalytic sites, high specific surface and tuneable 




7.2 Synthesis of novel catalytic surfaces based on TiO2 nanotubes 
TNTs were selected as an ideal candidate for photocatalytic degradation 
processes given the electronic properties of the unique 1-D structure, such as fast 
charge transfer and high specific surface area. The straightforward fabrication and 
simple control over the morphological aspect of the TNTs allows for an accurate 
control of the surface morphology. This property can be further exploited by 
fabricating heterogeneous catalytic interfaces over the 1-D architecture, hence 
providing additional sites for the generation of photoelectrons and charge transfer. 
As observed in Chapter 6 concerning the fabrication of Pd-TiO2 junctions, the 
control of the heterogeneous catalytic interface is dictated mostly by the control of 
the seeding and growth process of the nanoparticles (NPs). The effect of the size of 
the NPs on the efficiency of the junction on TNTs can be summarised in Figure 
7.4 and Table 7.1. The value of kapp listed refer to |kapp| of an apparent first order 




Figure 7.4 Effect of nanoparticle size on (A) kinetic constant kapp and (B) kinetic 
ratio KR on the degradation of pesticides. Samples indicated in green correspond to 
the TiO2-Pd catalyst presented in Chapter 6. Samples indicated with * refer to the 
degradation of an organic dye, AO7, or methylene blue. 
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Table 7.1 Effect of nanoparticle size of different noble metals or hybrid composites on the catalytic degradation of targeted organic molecules. 
Nanoparticle Size kapp KR Target molecule Reference 
 nm 10-3 min-1    
Ag 4 3.8 2.5 2,4-D [602] 
Ag+rGO 4 17 11.3 2,4-D [602] 
CeO2 10 6.8 2.31 Paraquat Dichloride [603] 
Ag 10 38.5 n/a- Acid Orange 7 [604] 
Pd+rGO 25 1.15 1.21 Diclofenac [570] 
Pt 28 4.5 0.27 Acid Orange 7 [604] 
Pd 30 1 1.11 Diclofenac [570] 
Pd 5 3.75 4.4 2,4-D Chapter 6 




Interestingly, a clear trend can be visualized in terms of effect of nanoparticle 
size and coalescence, in good agreement with the outcomes of Chapter 6. The 
growth of NPs and the coalescence into agglomerates and films undermines the 
photocatalytic performance by reducing the specific surface area and providing a 
longer trajectory for the charge carrier transfer [421]. The decoration of TNTs by 
Pd NPs carried out in this study leads to similar performance compared to 4 nm Ag 
NPs and improved kinetic constant if compared to larger NPs, as Pt or Pd of 28 and 
30 nm size, respectively. The control of the NP deposition, in terms of seeding on 
the catalytic surface and therefore growth kinetic and coalescence, is critical to 
prevent the loss of specific surface related to the agglomeration of NPs. In this 
sense, the ALD deposition performed in Chapter 6 allowed for accurate control of 
the Pd NP size and therefore of the catalytic interface of the TiO2-Pd junction. As 
shown in Figure 7.4. The formation of rGO/Ag junction on the TNTs can facilitate 
the transport of electrons and reduce the charge recombination effect, hence leading 
to a fivefold increase in kinetic constant. This outcome suggests that further work 
can be carried out on engineering the heterogeneous interfaces that constitute a 
nanocatalysts in order to increase the efficiency of the electron harvesting and 
transfer in catalytic processes. 
Another strategy to improve the morphological aspect of TiO2 nanotube is the 
fabrication via hydrothermal treatment. Nanotubes presenting outer pore size of 8-
10 nm and length of hundreds of nanometres can be fabricated [605]. This route 
allows for the fabrication of doped-TNTs and the direct dispersion in solution or 
the deposition over a substrate, hence extending the available area for catalytic 
reactions to the whole surface [606]. Metal, non-metal or surface decorated TNTs 




Table 7.2. Degradation of organic pesticides or dyes over doped-TiO2 nanotubes 
fabricated by hydrothermal synthesis.  





CeO2 9.01 wt% 6.8 30% Paraquat Chloride [603] 
Pt 0.15 wt% 42 n/a Malathiol [607] 
N 0.64 n/a 90 Rhodamine B [605] 
N 0.38 n/a 35 Rhodamine B [605] 
Fe3+ 0.1 molar ratio 13 100 Rhodamine B [608] 
Fe3+ 0.5 molar ratio 23 80 Rhodamine B [608] 
Fe3+ 2 molar ratio 18 100 Rhodamine B [608] 
 
Interestingly, the calculation of the kinetic constants revealed an increase of 
degradation rate of an order of magnitude compared to TNT array doped on surface 
with a single element. This effect can be attributed to the exposure of a high surface 
area, such 167.6 cm2/g for Fe3+ at a molar ratio of 0.5, as a catalytic interface instead 
of the open end of the TNTs. This would allow for the formation of catalytic active 
sites along the length on the TNTs, instead of limiting the activation to the top 
surface [609]. However, the thermal treatment required to crystallise the TNT may 
lead to sintering and therefore to a drastic loss of surface area up to almost 4 times, 
from 429.5 to 117.8 cm2/g [610]. Another typical trend registered across this PhD 
thesis is also revealed by the analysis of the Fe3+ doping where the lowest band gap 
of 2.6 eV is attributed to a molar ratio of 2. However the enhanced light absorbance 
did not lead directly to enhanced photocatalytic performance. In this case, the 
optimal Fe3+ molar ratio in terms of photocatalytic efficiency is 4 times lower than 
the Fe3+molar ratio that induces the band-gap minimum, 0.5 and 2 molar ratio, 
respectively. It has been postulated that the addition of more Fe3+ states generates 
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potentially more charge recombination centres [608]. The hydrothermal formation 
of metal-doped TNTs may however present risks concerning the leaching of the 
metal with an increase in doping concentration [608], hence posing significant 
questions on the cyclability and sustainability of the material. 
The anodization of Ti alloys to form a doped-TiO2 nanotubular structure with 
enhanced catalytic properties has reported for a few metals, such as W, Mo, Cu, 
Nb, W [562]. It can be observed from Figure 7.5 that the anodization of Ti-Ta 
alloys led to TiO2-Ta TNTs with improved catalytic performance on the 
degradation of organic dyes than Mo and Cu under UV-visible light radiation. 
 
 
Figure 7.5 Evaluation of kinetic constant for different Ti-Me anodized alloy 
 
Nonetheless, Ti-W alloy led to a specific composition of 0.2 at% of W that led 
to a fivefold increase in kinetic constant, compared to the best performing TiO2-Ta 
substrate as in Table 3. The beneficial role of W was attributed to the presence of 
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WVI surface species acting as a facilitator of charge transfer at the catalytic interface 
[611]. 
 
Table 7.3. Kinetic constant kapp and KR calculated for different anodized Ti-Me 
alloys. KR was calculated on the TNT reference provided in each study. 
Doping Loading kapp KR Target molecule  
  10-3 min-1    
W 0.2 34.8 3.1 Rhodamine B [611] 
W 9 21.8 1.9  [611] 
Mo 1.35 7.23 1.58 Acid Orange 7 [612] 
Mo 5.36 1.5 0.1  [612] 
Mo 8.35 0.5 0.1  [612] 
Cu 8.35 0.9 0.4 Methyl Orange [613] 
Ta 0.5 4.74 1.5 Methylene Blue Chapter 4 
Ta 17.4 7.86 2.5 Methylene Blue Chapter 4 
 
Interestingly, another study carried out on anodized Ti-Nb alloy and further co-
doping with nitrogen demonstrated how the co-doping strategy can be valuable to 
further modify the electronic structure of doped-TiO2. The fabrication of TiO2-Nb 
TNTs with an optimised Nb/Ti molar ratio of 0.1 led to a kinetic constant of 12.3 
min-1 in the degradation of MB, which is higher than the maximum of 7.6 min-1 
registered for TiO2-Ta at 17.4 at% [614]. Interestingly, this sample showed 
identical band-gap of TiO2-Ta at 17.4 eV of 2.91 eV. The impact of Nb doping on 
TNTs was attributed to the addition of electron trapping sites in the TiO2 band-gap, 
therefore reducing the charge recombination effect. Furthermore, the Nb presented 
in this study showed the presence of only 5+ oxidation state, while the study of the 
Ta HR spectra in Chapter 4 revealed the presence of some sub-stoichiometric Ta. 
It is therefore likely that these species may partially deteriorate the electron transfer 
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by acting as charge recombination centre [335]. It can therefore be concluded that 
the surface chemistry of the catalysts, in addition to the morphological aspect and 
density of the catalytic sites, play a significant role in promoting the catalytic 
processes. Tailoring the surface chemistry upon anodization can however be 
challenging, hence further investigation on the microstructure and chemical 
properties of the Ti substrates and the impact on the surface chemistry of doped-
TiO2 is advised. 
Future advances in TiO2 photocatalysis warrant the optimisation of a synthesis 
protocol that could combine in a simple, cost-effective and scalable approach the 
control of the specific morphological aspect of the surface active sites, and the 




7.3 Synthesis strategy and reproducibility 
The photocatalytic substrates presented in this study were fabricated either via 
PVD sputtering on a commercial PVD unit (Nanochrome I, Intlvac or on a custom-
built ALD unit fabricated by a professional ALD company (GiannaEquip). These 
thin film deposition strategies represent mature, well-established technique that are 
commercialised for both lab-scale users and industrial processes. Potential issues 
in reproducibility can mostly be ascribed to the presence of contaminants in both 
the PVD and ALD chambers as observed in the early stages of this PhD work. As 
a consequence, cleaning protocols have been carried out to reduce the risk of 
contamination as much as achievable. As pointed in paragraph 3.2, the PVD 
chamber was cleaned with a vacuum cleaner to reduce the risks of contamination 
from residuals species deposited in the chamber. Each target underwent a 5-minute 
warm up to eliminate the surface top layer, presenting the natural Me-oxide. The 
ALD reaction chamber and the entire ALD line shown in Figure 3.4, including the 
precursors cylinders and valves, were cleaned with acetone and iso-propanol and 
soaked overnight in a mild alkaline solution to eliminate all the organic and 
inorganic residuals deposited during previous ALD cycles. The Ti-alloys were 
deposited on Si (100) substrates previously cleaned, while all the anodized Ti alloys 
were anodized and annealed under the same experimental conditions described in 
Chapter 3. As for the TiO2-Pd, the original Ti foils were conditioned and anodized 
as detailed in paragraph 3.3.1 and 3.3.2, respectively.  
No morphological variation could be observed from the SEM analysis 
conducted on multiple samples of both Ti-alloys and TiO2-Pd fabricated under the 
same conditions. To further assess the reproducibility of the catalytic performance 
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of the anodized TiO2 and anodized Ti-alloy, the catalytic degradation of MB was 
carried out on three different samples. 
The results, shown in table 7.4 and 7.5, confirmed that there is no significant 
difference between the data point, with a maximum variation of 5% in terms of 
degradation rate on a single acquisition, whereas for the majority of the data points 
the difference was below 3%. The maximum standard deviation observed was of 
3%. This error can fall into the category of experimental errors and can be applied 
universally to experimental tests. 
As previously stated, cleaning protocols are however crucial to meet the 
required reproducibility standard to promote the scalability to the industrial level. 
The thin film process more exposed to potential contamination is the ALD 
apparatus, as the metal-organic precursors involved in the deposition can partially 
crystallize in the ALD line and hinder the further depositions by altering the 
precursor flux and purity into the chamber. In the early stage of the Chapter 6 
experimental tests, it was noticed that when a reliable cleaning protocol was not 
applied no significant correlation could be determined between the deposition 
cycles and the growth of nanoparticles, as 200 cycles would lead to the same results 
as 100 cycles. 
The reproducibility of the thin film deposition techniques and protocols 
discussed in this study therefore relies greatly on the apparatus maintenance and 
cleaning cycles required to deliver high purity and reduce the sources of 
contaminations. This evidence indicates that the process scalability may be affected 
by an increase of related operating costs. Consequently, advanced engineering 
solutions should be implemented to reduce the impact of the cleaning cycles in 
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terms of system downtime and synthetise novel ALD precursors that can yield 




Table 7.4. Variation of catalytic degradation of MB (C/C0) measured on three different samples for anodized TiO2 





0 1 1 0 1 0 
  
20 0.989 0.981 1% 0.975 1% 0.005 1% 
40 0.975 0.971 0% 0.969 1% 0.002 0% 
60 0.913 0.904 1% 0.903 1% 0.005 1% 
90 0.724 0.706 3% 0.714 1% 0.008 1% 
120 0.595 0.610 -2% 0.589 1% 0.009 1% 
180 0.441 0.423 4% 0.451 -2% 0.011 3% 
240 0.302 0.294 3% 0.293 3% 0.004 1% 




Table 7.5. Variation of catalytic degradation of MB (C/C0) measured on three different samples for anodized TiO2 – Ta 20.5 at% 





0 1.000 1 0 1 0   
20 0.951 0.947 0% 0.963 -1% 0.007 1% 
40 0.930 0.935 -1% 0.930 0% 0.003 0% 
60 0.834 0.853 -2% 0.841 -1% 0.008 1% 
90 0.776 0.790 -2% 0.794 -2% 0.008 1% 
120 0.698 0.713 -2% 0.705 -1% 0.006 1% 
180 0.523 0.538 -3% 0.537 -3% 0.007 1% 
240 0.387 0.400 -3% 0.401 -4% 0.006 2% 





Chapter 8. General conclusions 
8.1 Outcomes of PhD Thesis 
The development of nanoporous photoactive TiO2 catalysts for the efficient 
removal of organic compounds in wastewater was the focus of this PhD thesis. 
TNTs were selected as an ideal catalytic substrate for their unique properties, such 
as high specific surface area and fast charge transfer provided by the well-defined 
1-D architecture.  
Visible light sensitization of TiO2 is required to trigger the generation of 
photoelectron upon exposure to sun-light, therefore discarding the use of UV light 
as irradiation source. Enhanced sun-light absorbance is typically obtained by 
narrowing the semi-conductor band-gap. Conventional approaches in the band-gap 
engineering domain include post-treatment modification of TNTs to introduce a 
doping agent, such as a metal or a non-metal. Nonetheless, this strategy 
encompasses complex, high energetic thermal and plasma modification of TNTs, 
potentially deteriorating the TNT crystallinity or their well-structured 1-D 
architecture. 
 
8.1.1 Synthesis and morphology characterisation of doped-TNTs 
In this PhD Thesis, a novel strategy to tailor the visible light response and the 
catalytic activity of TNTs was pursued. The conventional post-synthesis doping of 
TNTs was replaced by the fabrication, and subsequent anodization, of Ti alloys 
presenting distinctive chemical composition and microstructure. Sputtering 
tantalum and then titanium nitride in combination with titanium enabled the shift 
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of the doping concentration control step towards the material fabrication, rather 
than on a post treatment modification. The morphology of the as-anodized TNTs 
could also be directly correlated to the synthesis of the sputtered films, rather than 
relying on the anodization parameters or on a post-anodization surface 
modification. . 
The TNT surface morphological properties, such as porosity and pore size, 
could be varied by simply modifying the sputtering power of Ta or TiN. Sub-10 nm 
nanopores were obtained on the surface of the Ta-doped TNTs, which are not 
conventionally achievable by a simple anodization process of Ti alloys. This 
outcome proved that the morphology of the TNT nanocatalysts fabricated with this 
approach can be tailored for a specific application, such as photocatalysis, 
electrocatalysis or separation technologies, by simply modifying one parameter, the 
sputtering power. The variation of the nanotube morphology at different Ta or TiN 
composition was intimately related to concentration of the doping source in the as-
sputtered films and specific growth of the columnar-like structure forming the non-
equilibrium alloy. 
The variation of the nanotube geometrical features, such as outer diameter, 
inner diameter, and wall thickness, was investigated for the first time by analysing 
the Small-Angle X-ray Scattering of each anodized alloy at a specific concentration 
of doping. An in situ SAXS dynamic study of the pore formation and nanotube 
growth for the anodization of Ti foils and Ti-Ta alloys was also performed. The 
study of the growth kinetics of TNTs, not included in this PhD, demonstrated the 
presence of geometric constraints related to the applied anodization voltage that 
affects the final geometrical aspect of the tubes. 
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The SAXS analysis revealed that increased Ta loading led to smaller inner 
diameter for the TiO2-Ta nanotubes, whilst an increase in N loading resulted in a 
transition from a uniform distribution of pores to a highly disordered, poly-
dispersion of nanotubes. These results are critical for the optimisation of the 
electronic properties of TNTs, as the variation of geometrical parameters, such as 
wall thickness and inner diameter, have a direct effect on the electron transfer 
efficiency and on the available surface area for catalytic reactions.  
 
8.1.2 Band-gap engineering 
The visible light sensitization of anodized Ti-alloys was optimised by varying 
directly the composition of the doping element in the as-sputtered films. The band-
gap showed a non-linear variation with the Ta content in Ta-doped TNTs, indicated 
by the presence of a band-gap minimum of 2.91 eV for a Ta loading of 17.4 at%.   
The chemical composition of the TiO2-N TNTs in terms of N concentration and 
N chemical species affected the visible light sensitization and the catalytic 
efficiency. Upon anodization, the N doping into the TiO2-N substrates varied from 
4.1 to 6.9 at%, revealing a logarithmic growth correlated to the original N 
concentration in the as-sputtered films. The lowest N concentration of 4.1 at% led 
to a band-gap minimum of 2.7 eV.  
A different approach was carried out to enhance the light sensitization of TNT 
without affecting directly the TiO2 lattice and microstructure. The surface 
decoration of TNTs with a noble metal was carried out to investigate the role of the 
interface of the noble-metal/semiconductor heterogeneous junction on the light 
sensitization and catalytic performance. Pd NPs were deposited on TNTs via 
Atomic Layer Deposition (ALD), allowing for an accurate control of size, density 
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and uniformity of distribution over the TNT surface. The visible light absorption 
was regulated by the Surface Plasmon Resonance effect. High density of Pd-TiO2 
junctions consisting of 5 nm Pd nanoparticles yielded the highest light response for 
the series of ALD-deposited heterogeneous catalysts. Conversely, the particle 
coalescence extended the junction volume but decreased the specific catalytic 
interface, hence higher concentration of Pd deteriorated the electronic properties of 
the Pd-TiO2 junctions. 
 
8.1.3 Photocatalytic performance 
The impact of surface chemistry and chemical interactions in the inner structure 
of the doped-TNTs on the catalytic performance was also investigated. The 
presence of Ti and Ta suboxides in Ta-TNTs was revealed by X-ray Photoelectron 
Spectroscopy depth profile analysis and associated to the enhanced photocatalytic 
degradation of methylene blue under UV-visible and pure visible light. A threefold 
increase in kinetic constant was obtained for the Ta-TNTs presenting the band-gap 
minimum under visible light radiation. 
The concentration and relative variation of photoactive N species such as 
substitutional-N, Ti-N, Ti-oxynitride and Ti-NO was correlated to the catalytic 
performance of N-TNTs. An optimal Ti-oxynitride content of 13.3 % and a Ti-
N/Ti-oxynitride ratio of 3.3 led to the highest light activity, with a threefold increase 
in kinetic constant in the degradation of methylene blue. The introduction of 
additional N doping in TiO2-N led to a drop of the Ti-N/Ti ratio to 0.4 and the 
increase of band-gap to 3.2 eV, determining the complete loss of photoactivity 
under visible light.  
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The light sensitization of TNTs was optimised by controlling the variation of 
heterogeneous interface at the Pd-TNT junction fabricated by ALD. The lowest Pd 
concentration of 2.7 at%, corresponding to a uniform distribution of 5 nm 
nanoparticles determined a 4.2 increase of kinetic constant in the degradation of 2,4 
D under UV-visible light compared to as-annealed TNTs.  
The literature review study resulted in the publication of a book chapter titled 
Merenda, A., Kong, L., Zhu, B., Duke, M., Gray, S., & Dumée, L. F., “Functional 
Nanoporous Titanium Dioxide for Separation Applications: Synthesis Routes 
and Properties to Performance Analysis”, (2018), Water Scarcity and Ways to 
Reduce the Impact. Ed 1. Ch 9, DOI: 10.1007/978-3-319-75199-3_9 
The outcomes of the study on the anodization of Ti-Ta alloys (Chapter 4) led to 
a manuscript titled: “Sub-10-nm Mixed Titanium/Tantalum Oxide Nanoporous 
Films with Visible-Light Photocatalytic Activity for Water Treatment”; 
(2019), ACS Applied Nano Materials, Article ASAP, DOI: 
10.1021/acsanm.8b02350.  
The outcomes of the chapter based on non-metal doping of TNT by the 
anodization of sputtered Ti-TiN (Chapter 5) resulted in the manuscript: “Enhanced 
Visible Light Sensitization of N-Doped TiO2 Nanotubes Containing Ti-
Oxynitride Species Fabricated via Electrochemical Anodization of Titanium 
Nitride”, (2018), The Journal of Physical Chemistry C, DOI: 
10.1021/acs.jpcc.8b09762. 
The outcomes of Chapter 6 resulted in a manuscript titled: “Fabrication of Pd-
TiO2 nanotube photoactive junctions via Atomic Layer Deposition for 
persistent pesticide pollutants degradation”, (2019), Applied Surface Science, 




The fabrication of Ti-alloy substrates allowed for the control of the chemical 
composition and microstructure of the as-sputtered films prior to electrochemical 
anodization. This is critical to optimise the light sensitization, as it was 
demonstrated that the band-gap variation with the doping concentration is non-
linear and a specific loading of dopant corresponded to a band-gap minimum. 
Nevertheless, other factors such as the microstructural and morphological 
uniformity of the columnar-like grains may play a critical role, as they may respond 
differently to the anodization treatment. This effect may lead to the formation of 
TNTs with inhomogeneous surface composition and crystallinity, therefore 
affecting the distribution of active sites and the overall efficiency of the 
heterogeneous catalytic interfaces. 
The lack of adherence between the as-sputtered grains related to the growth 
of columnar-like structures represents a potential challenge for applications that 
requires the formation of a strong, continuous film such as membrane science. The 
anodization of Ti foils conventionally leads to fragile films, which can be hardly 
transfer to secondary templates, such as filtration modules, without breaking the 
film structure. The anodization of grains as in the sputtered Ti alloys generated 
randomly fractures at the grain boundaries prior to a thermal annealing treatment. 
The growth and expansion of these fractures can lead to preferential diffusion 
pathways for the organic molecules, hence reducing the activity of the surface 
catalytic sites and deteriorating the performance.  
Furthermore, the anodized Ti-alloys contain only amorphous TiO2, meaning 
that a thermal annealing treatment will be required to crystallise the microstructure. 
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Conventional thermal annealing in Ar atmosphere led to a partial crystallisation of 
the doped-TNTs, unlike TNTs fabricated from the anodization of Ti foils. 
Achieving a higher degree of crystallisation may be advisable to further improve 
the catalytic efficiency. However, discarding the thermal annealing by crystallising 
TiO2 anatase directly during the anodization process may represent a break-through 
in the fabrication of TNTs.  
The correlation between the tantalum sputtering power and the titanium-
tantalum alloy microstructure could not be comprehensively investigated. The 
project plan included a precise microstructural analysis to investigate the formation 
and growth of the different phasis on the titanium alloy. The ideal characterisation 
technique was individuated into the Electron Backscatter Diffraction (EBSD). 
Several attempts were carried out, however titanium and tantalum present similar 
crystal lattice parameters therefore the computational analysis, based on a 
comprehensive crystallographic database, could not lead to conclusive results as 
the two phases could not be distinguished. This technique may be however fruitful 
for other titanium-alloys. The impact of the alloy microstructure on the final 
morphology of the anodized layers could be feasible on other films and lead to 
substantial research outcomes. 
 Although the as-fabricated doped-TNTs presented enhanced light activity 
and catalytic performance, the improved of kinetic constant was generally limited 
to a factor of 3. This limitation is likely related to the presence of a surface top 
layer, typically resulting from the anodization process, which covers partially the 
nanotubes and therefore reduces the catalytic surface area. This top layer therefore 
affects the catalytic heterogeneous interface at the solid-liquid boundaries and may 
reduce the high charge transfer provided by the 1-D architecture of TNTs.  
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Furthermore, the partial oxidation of Ti, Ta and Ti-N during the 
electrochemical anodization revealed that a wide range of non-equilibrium metal 
suboxides may contribute to the light absorbance and to the catalytic performance. 
Species such as Ti3+ are well-known for their photoactivity, however the presence 
of other sub-stoichiometric metal species may act as a charge recombination centre 
and therefore reduce the charge transport. The presence of Ti, Ta and Ti-N 
suboxides stemming from the anodization of a non-equilibrium alloy and their role 
on the catalytic performance was investigated. Nonetheless, the stability of these 
suboxides may be affected by the photocatalytic reactions, leading to a complete, 
irreversible chemical oxidation that can deteriorate the life-span of the catalyst. 
In terms of photocatalytic efficiency, this Thesis compared different 
photocatalysts, including metal, non-metal and surface decorated TiO2 nanotubes 
by evaluating their kinetic constants. This is conventionally accepted in the 
literature, as kinetic constants are generally provided in catalytic studies, enabling 
cross comparison and critical reviews as discussed in Chapter 7. Nonetheless, 
quantum yield rates can be introduced in catalytic phenomena to provide a more 
precise estimation of the substrate decomposition rate compared to the flux of 
photons effectively absorbed by the catalytic substrate [615]. The incident photon 
flux (II) can be calculated from the spectral irradiance and the photon energy at a 
given wavelength, however the estimation of the absorbed IA is rather difficult in 
heterogeneous catalytic studies as the incident radiation can be reflected and 
scattered by the treated solution or absorbed by pollutant itself at certain 
wavelengths, such as in dyes [616, 617]. It has been proposed that the incident 
photon flux II can be used to estimate an “apparent quantum yield”, or “photonic 
efficiency” [57, 618]. However, in his Thesis the photocatalytic reactions were not 
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calculated at a fixed wavelength but rather at a fixed wavelength interval, such as 
320-480 nm or 400-500 nm. Furthermore, the spectral outputs showed in Figure 
3.5 indicates that the outputs is dependent on the wavelength and not constant on a 
fixed interval. As a result, the photon energy calculated at a fixed wavelength would 
not represent correctly the wavelength intervals applied in the photocatalytic 
experiments conducted in this Thesis. Nonetheless, the irradiance calculated with 
the radiometer is already an average of the real irradiance, estimated on those 
wavelength intervals. The estimation of the incident photon flux based on these 
assumptions would necessary be flawed and incorrect, therefore this Thesis only 
focuses on the comparison of kinetic constant to discuss the photocatalytic 
efficiency of different substrates. The determination of the quantum yield should 
be however envisaged to determine more accurately the efficiency of the 
photocatalysts relative to different radiation sources. This fundamental 
investigation would allow for the identification of radiation sources, including 
commercial lamps and wavelengths cut-offs, that can deliver the highest 




8.3 Future Work 
This study demonstrated the possibility of fabricating doped-TNTs with 
enhanced light response from as-sputtered Ti alloys.  
One main limitation consisted of the presence of a surface top layer, partially 
covering the TNT structure. The surface top layer is conventionally removed, on 
anodized Ti foils, by performing a 2-step anodization process, whereby the TNT 
array produced at the end of the first step is chemically or mechanically removed. 
The TNTs would consequently grow from the bottom trace of nanotubes removed 
after the first step, resulting in a well-defined, high porous array of TNTs with no 
top layer. However, carrying out a 2-step anodization on sputtered films may be 
challenging, as the entire deposited layer may be delaminated during the removal 
of the first anodized layer. A strategy to carry out a gentle etching on the as-
anodized doped-TNTs in order to remove the top layer may be sought. Apart from 
solution reactions, which may require the use of harsh chemicals and induce further 
damage on the TNTs, etching via plasma treatment can represent a viable option to 
gently reveal the TNT array in an inert plasma atmosphere. 
The as-anodized TNTs do not present crystalline anatase or rutile, meaning that 
a thermal annealing treatment is required to improve the catalytic activity. 
However, this requirement may hinder the application of sputtered films to template 
that would deteriorate at the annealing temperatures, such as polymers. In this case, 
the anodization of other sputtered metals, such as zinc, may be taken into account. 
ZnO has similar electronic properties of TiO2 and is a well-known photocatalyst in 
AOP applications. However, ZnO can be crystallised upon anodization, hence a 
further thermal annealing would not be required [619, 620]. 
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The induced photoactivity may be further exploited by combining doped TiO2 
with other templates presenting different morphological or optical properties.  
Doped metal oxide nanoparticles or films can be fabricated by plasma-enhanced 
ALD, whereby the precursors are ionised by the plasma atmosphere and the doping, 
such as nitrogen, can be introduced directly in a controlled manner by varying the 
composition of the carrier gas [621]. The synthesis of doped-metal oxide 
nanoparticles would allow for the formation of a catalytic heterojunction on a 
convenient template providing high specific surface area, thermal stability and 
additional catalytic sites. Future work is recommended on the ALD deposition of 
doped-metal oxide nanoparticles over porous templates, such as TiO2, Al2O3, ZnO 
or vertically-aligned nanosheets of 2-D materials such as MoS2 or graphene. 
In terms of promising synthesis strategy, as discussed in Chapter 2 ALD 
represents a relatively new yet mature technology, which is increasingly attracting 
the interest of the industrial and scientific community for the possibility of 
producing nanotextured, conformal thin film coatings with high deposition rate and 
low waste. To date, the application of ALD to large scale productions are limited 
by the operating costs, including vacuum apparatus, and the operation in batch 
regimen. Nonetheless, ALD represents a mature industrial technology with its own 
market-share. The ALD market is projected to surge up to USD 3.01 billion in 2025, 
from the USD 1.1 billion estimated in 2016 [622]. Companies and start-ups 
specialised in thin film deposition systems, including ALD; have intensified their 
efforts to develop novel technologies that can operate in semi-continuous regimen, 
rather than in batch, or at atmospheric pressure instead of under vacuum [623, 624]. 
Although CVD accounts for a large market share in the semiconductor synthesis 
industry, new advances on ALD technology can foster the optimisation of faster, 
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high deposition rate reactor that can synthetise high-grade, conformal, nano-
textured coatings with limited or no vacuum apparatus and low or none waste. In 
this regard, LCA of novel ALD technologies and related economic analysis will be 
crucial to determine the growth and the success of this market. New cost-effective, 
cutting-edge ALD technologies can extend the potential applications from niche 
domains such as high value-added products to larger sectors, including anti-
corrosion coatings and membrane science. 
Future work is also advised on the PVD deposition of Ti alloys over nanoporous 
metal membrane templates in order to fabricate membrane photocatalytic reactors. 
Anodized TNTs have found limited applications in membrane science due to the 
difficulty to remove the fragile TNT array and deposit it over a convenient 
membrane module. Sputtering a Ti-alloy over a porous metal substrate can 
overcome the issue related to this process while providing a catalytic layer of 
narrow pore size distribution and controlled thickness. The deposition over a 
polymeric membrane support should also be taken into account, however the 
thermal stability of the membrane may represent an issue during long PVD 
sputtering processes. 
Another potential application of anodized Ti alloys can be found in 
electrocatalysis, which was not investigated in this PhD thesis. TNTs resulting from 
the sputtering of Ti alloys over convenient electrode materials, such as carbon or 
porous metals, may open the way to the realisation of cutting-edge electrodes with 
high specific surface area and photocurrent. The degradation of harsh organic 




Furthermore, the anodization of Ti alloys can be expanded to different metals 
other than tantalum. Ta-TNTs offered promising results in terms of band-gap 
narrowing and catalytic efficiency, however the band-gap minimum corresponded 
to a high loading of Ta and led to the formation of Ta suboxides which contributed 
to the photocatalytic performance. Different Ti alloys may promote the formation 
of more active catalytic species resulting from the partial oxidation or the chemical 
recombination of the Ti alloy matrix upon anodization. This possibility is still 
largely unexplored whereas the PVD sputtering allows for the fabrication of a wide 
range of non-equilibrium alloys with unique chemical and microstructural 
properties. 
The doped or surface decorated-TiO2 substrates investigated in this Thesis 
presented different photocatalytic activities and mechanisms under visible light or 
combined UV-visible light, as discussed across the experimental Chapters. The 
possibility of tuning the type and morphology of active sites can lead to a further 
improvement of photocatalytic efficiency under a broad wavelength interval rather 
than under purely visible or UV light. Nonetheless, the control of the surface 
density of a specific active site and the relative ratio among the different active sites 
may lead to significant advances in heterogeneous photocatalysis. The possibility 
of turning on or off a specific active site depending on the radiation source, taking 
into account the radiation properties such as wavelength and irradiance, should be 
further investigated. Furthermore, the selectivity towards targeted molecules may 
be enhanced by promoting the formation of a distinctive type of active site with a 
favourable, faster adsorbance/desorbance mechanism.  
Finally, this Thesis investigated the fabrication of novel TiO2-based 
photocatalytic materials and the fundamental correlation between catalyst 
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morphology, photo-electronic properties and corresponding catalytic efficiency. 
For this purpose, two organic molecules were targeted as ideal pollutants, the 
former an organic dye, methylene blue, and the latter a common pesticide, 2,4-D. 
Nonetheless, the scalability and application of the synthetised catalysts to real water 
effluents would require a comprehensive analysis of the catalyst selectivity towards 
the targeted molecules, such as specific pesticides. The TOC of real water effluents 
typically accounts for a broad range of organic contaminants, while suspended 
inorganic matter can also be present and affect the photocatalytic phenomena by 
absorbing or scattering the incident radiation. Future work on the catalysts 
fundamentally reviewed in this study will aim at assessing their selectivity in 




Appendix A.   
 
Figure A.1 As-deposited Ti-Ta thin films at different Ta sputtering power: 0 (A) 





Figure A.2 AFM micrographs of as-deposited Ti-Ta films at different sputtering 
















W nm nm     
0 3.0275 0.17964 3.7925 0.33101 0.524 0.1246 
10 5.60333 0.07364 4.03333 0.81773 0.552 0.05693 
20 3.58667 0.1678 3.99333 0.3133 0.73867 0.09337 
50 3.555 0.15532 3.9475 0.2827 0.72 0.08709 
100 6.67 0.44413 2.78 0.14595 0.36625 0.0939 
150 7.675 0.4849 5.1875 0.93767 0.9655 0.31288 
200 7.25 0.11 3.86667 0.2114 0.49 0.10288 










Figure A.4. Inset of nanotubes emerging from surface fractures or cracks. Series 





Figure A.5. SAXS scattering curves in the q-I plane of anodized Ti-Ta alloys and 
corresponding SAXS patterns for different Ta deposition power: (A) TiO2 , (B) 
TiO2 – Ta 10 W, (C) TiO2 – Ta 20 W, (D) TiO2 – Ta 50 W, (E) TiO2 – Ta 100 W, 
(F) TiO2 – Ta 150 W, (G) TiO2 – Ta 200 W, (H) TiO2 – Ta 250 W. 1-7: q intervals 
corresponding to scattering knees where the model described on page S-8 was 
applied on the SAXS Irena Package for IGOR.   
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SAXS modeling parameters 
The distance between two scattering features can be calculated by evaluating 
the knee position of the scattering pattern. At low scattering angles (< 5°), equation 




          (A. 1) 
Nevertheless, for the purpose of this study, the knee fitting was conducted on 
the IRENA package developed by Synchrotron Scientists on the Igor platform. 
Specifically, Modelling II was used as fitting model. The distribution of features 
calculated was assumed Gaussian, the fitting intervals were kept constant unless a 
clear knee shift could be revealed, and the modelling results were accepted with a 
maximum allowance on the normalized residuals of ±10. 
The three main variables fitted to carry out the analysis where: 
- Scale 
- Mean size (Å) 
- Standard Deviation (Å) 
A schematic of the different scattering feature assigned for the SAXS knees, 








Figure A.6. Schematic of scattering features assigned to the nanotubes: Outer 
Diameter (OD), Inner Diameter + Wall Thickness (ID+WT), Inner Diameter (ID), 
Wall Thickness (WT) 
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Table A.2 Combined SEM and SAXS analysis and identification of scattering figures corresponding to Outer Diameter (OD), Inner 


















 nm nm   nm nm   nm nm   
TiO2 53.50 62.87 0.15 2.36 26.29 46.62 0.44 2.94 12.90 16.25 0.21 2.36 
TiO2 - 0.2 
at% Ta 
45.00 n/a n/a 2.59 27.73 n/a n/a 2.94 11.31 n/a n/a 2.06 
TiO2 - 0.5 
at% Ta 
45.00 45.32 0.01 2.59 27.50 34.41 0.20 2.83 11.20 10.92 -0.03 2.36 
TiO2 - 13 
at% Ta 












39.69 41.06 0.03 2.36 26.20 25.05 -0.05 2.83 13.60 16.01 0.15 2.36 
TiO2 - 23 
at% Ta 





Figure A.7 Elemental composition of as-deposited Ti-Ta films and anodized films 
calculated by XPS analysis at different Ta sputtering power: ▬ 0 W, ▬ 10 W, ▬ 
20 W, ▬ 50 W, ▬ 100 W, ▬ 150 W, ▬ 200 W, ▬ 250 W, representing Ti at% 




Table A.3 XPS analysis of Ti-Ta alloy core level at different sputtering power.. 








W at% at% at%  
0 73 0 4  
10 51.2 2.6 8.1 0.05 
20 53.2 8.5 8.9 0.2 
50 43 31.8 2.1 0.7 
100 31.7 45 5.1 1.4 
150 23.8 60.8 4.3 2.6 
200 17.4 60 2.9 3.4 




Table A.4 XPS depth profiling elemental composition for Ti, Ta and Ta/Ti ratio 






Pore size Tube diameter 
W at% at% nm nm 
0 0 0 33.6 30.4 
10 0.2 0.01 20.0 21.6 
20 0.5 0.05 19.9 23.5 
50 13 0.57 12.1 14.3 
100 17.4 0.88 12.1 16.6 
150 20.5 1.90 10.0 8.1 
200 22.5 1.92 8.6 9.0 






Figure A.8 XRD analysis of Ti-Ta alloy thin films as-deposited at different Ta 




Figure A.9 XRD analysis of anodized Ti-Ta alloy upon annealing treatment for 





Equation A.2: definition of Kubelka-Munk function calculated on thin films, 
where R is the absolute reflectance, A the absorbance, c the concentration of the 
absorbent and s the relative scattering coefficient. When the last 2 parameters are 
unknown, F(K-M) can be used to provide an approximation of the absorbance 
spectra of the material. 






          (A. 2) 
Equation A.3: definition of Tauc-plot, where h is the Planck’s constant, ν is the 
frequency of vibration, α is the absorption coefficient and Eg represents the band 
gap. The parameter γ takes into account the type of band gap transition considered, 
specifically γ = 0.5 and 2 for indirect and direct band transition, respectively.  
Considering the approximation of a with F(K-M), Equation A2 can be described 
as: 
(hνα)γ = A(hν − Eg)         (A. 3) 
Equation A.4: Tauc-plot equation with F(K-M) absorption approximation. 






Table A.5 XPS HR spectra of Ti 2p, reporting the different Ti states from (IV) to 
Ti (0). 
Sample TiO2 
TiO2 – 0.5 
at% Ta 
TiO2 – 17.4 
at% Ta 
TiO2 – 22.5 
at% Ta 
Ta/Ti ratio 0 0.05 0.88 1.92 
Ti (IV) (%) 91.1 74.9 80.3 67.4 
Ti (III) (%) 6.1 15.7 14.5 12.8 
Ti (II) (%) 0 3.67 0.9 8.0 
Ti (0) (%) 2.7 5.7 0.3 4.8 
Ta 4p 1/2 (%) 0 0 4.2 7 
 
Table A.6 XPS HR spectra of Ta 4f, reporting the different Ta states from (V) to 
Ta(0). 
Sample 
TiO2 – 0.5 at% 
Ta 
TiO2 – 17.4 at% 
Ta 
TiO2 – 22.5 at% 
Ta 
Ta/Ti ratio 0.05 0.88 1.92 
Ta (V) (%) 31.5 88.6 83 
Ta (subox) 
(%) 
30.1 3.1 2.6 




Figure A.10 XPS HR spectra of Ti 2p, O1s and Ta 4f for TiO2 and TiO2 – 22.5 at% 
Ta. Ti HR spectra: ▬ Ti 2p Scan, ▬ Ti (IV), ▬ Ti (III), , ▬ Ti (II), ▬ Ti (0) W, 
▬ Ta 4p 1/2 ▬ Background, ▬ Fitting.  Ta HR spectra: ▬ Ti 2p Scan, ▬ Ta (V), 
▬ Ta (0), ▬ Ta suboxide, ▬ Ta suboxide (2), ▬ Ti (0) W, ▬ Background, ▬ 
Fitting. O HR spectra: ▬ O 1s Scan, ▬ Ti-O ▬ Ti-OH (organic), ▬ O-organic, 








) = −𝑘𝑟𝐾𝑎𝑑𝑡         (A. 5) 
Where Kad can be considered a constant where the adsorption of the organic 
compound on the catalyst is weak, therefore leading to the expression: 





) = −𝑘𝑎𝑝𝑝𝑡          (A. 6) 
Equation A.7: zero order kinetics refers to a reaction whereby the reaction rate 
is constant and does not depend on the concentration of the reactant along the 
reaction 





Table A.7 Kinetic constants for zero order and apparent first order reactions calculated for series series of anodized TiO2-Ta at different Ta loading 
concentrations. 
Sample Zero-Order Apparent First-Order 
 k (mol/min) R2 k (min-1) R2 
TiO2 -0.00235 ± 1.54E-4 0.97 0.00574 ± 2.39679E-4 0.982 
TiO2 – 0.2 at% Ta -0.00241 ± 1.46564E-4 0.984 0.00446 ± 9.5252E-5 0.995 
TiO2 – 0.5 at% Ta -0.00262 ± 1.42948E-4 0.99 0.00474 ± 2.06666E-4 0.985 
TiO2 – 13 at% Ta -0.00227 ± 6.35157E-5 0.995 0.0069 ± 6.91401E-4 0.908 
TiO2 – 17.4 at% Ta -0.00331 ± 2.86236E-4 0.914 0.0076 ± 4.23131E-4 0.988 
TiO2 – 20.5 at% Ta -0.00217 ± 8.6247E-5 0.991 0.00488 ± 2.54669E-4 0.973 
TiO2 – 22.5 at% Ta -0.00132 ± 4.1594E-5 0.998 0.00189 ± 8.8869E-5 0.978 
TiO2 – 23 at% Ta -0.00169 ± 3.45426E-5 0.998 0.0029 ± 1.84233E-4 0.961 











Appendix B.   
 
Figure B.1 SEM micrographs of as-sputtered Ti-TiN films sputtered at different 
titanium nitride sputtering power: as-sputtered Ti (A), Ti-TiN 50 W (B), Ti-TiN 





Figure B.2 AFM micrographs of as-sputtered Ti-TiN films deposited at different 
titanium nitride sputtering power: as-sputtered Ti (A), Ti-TiN 50 W (B), Ti-TiN 




Table B.1 Calculated area roughness parameters at different TiN sputtering power. Root Mean Square Roughness (Sq), Kurtosis (Sku), 
Skewness (Ssk), Maximum Height (Sz) 
Ti-TiN 













(W) (nm) (nm)     (nm) (nm) 
Ti
 
(0) 3.1 0.2 3.8 0.4 0.5 0.2 25.6 2.1 
50  4.4 0.6 3.5 0.3 0.3 0.1 34.8 9.3 
100  4.4 0.1 3.8 0.9 0.4 0.0 32.9 6.7 
150  8.5 0.5 3.0 0.2 0.2 0.2 65.5 8.9 
200  3.1 0.0 3.4 0.2 0.4 0.1 25.4 0.1 
250  4.5 0.1 3.1 0.2 0.3 0.1 31.4 1.4 
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The Root Mean Square Roughness (Sq) and the Maximum Surface Height 
(Sz) reported in Figure 1C and Table S1 showed an increase from 4.4 to 8.5 nm and 
from 32.9 to 65.5 nm, respectively, for a sputtering power of 100 W and 150 W. 
The Sq for the TiN films sputtered at 200 and 250 W dropped to values close to Ti 
film and TiN sputtered at 50 W, such as 3.1 and 4.5 nm, respectively. It can 
therefore be assumed that the transition between large and small grains occurred at 






Figure B.3 SEM micrographs of anodized TiO2-N films sputtered at different 
titanium nitride sputtering power: TiO2 from as-sputtered Ti (A), TiO2- N from Ti-









Table B.2 Fitting of SAXS knee based on formulated SAXS model for series of TiO2-N substrates. 
Sample SAXS knee 1 FWHM SAXS knee 2 FWHM SAXS knee 3 FWHM SAXS knee 4 FWHM 
 (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) 
TiO
2
 64.00 6.59 43.96 4.24 28.50 5.89 20.50 5.18 
TiO
2
-N 50 W 64.00 7.07 41.50 4.71 25.00 5.89 20.00 4.24 
TiO
2
-N 100 W 52.00 5.89 40.50 5.89 23.50 4.71 17.45 4.95 
TiO
2
-N 150 W 53.00 7.07 40.50 5.89 23.20 5.89 0.00 0.00 
TiO
2
-N 200 W 42.00 5.89 34.02 4.71 18.03 4.71 0.00 0.00 
TiO
2






Figure B.5 XRD analysis of TiO2-N substrates sputtered at different TiN power. 
 
Apart from anatase, Other peaks with low intensity observed at 48.1° and 
54.1° were assigned to the anatase crystal planes (200) and (105)[478]. 
Interestingly, a strong peak appeared for as-annealed TiO2 at 38.01°. The 
assignment of this peak is controversial, as it fell between (004) plane for TiO2 
anatase and (002) plane for α-Ti (ICDD: 01-071-4632), occurring at 37.87° and 
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38.10°, respectively. Interestingly, this peak shifted towards lower 2θ as the 
sputtering power increased, down to a minimum of 37.02° for a sputtering power 
of 250 W. This shift can be assigned to the appearance of strong (111) planes for 






Figure B.6 N at% and Ti at% for the as-sputtered Ti-TiN films and anodized TiO2-
N substrates calculated from XPS depth profiling. ▬ Ti film, ▬ TiN 50 W, ▬ TiN 



















W at% at%  at% at%  
0 0 0 -- 72.5 33.5 -54% 
50 6.2 4.07 -34% 76.4 25.8 -66% 
100 16.65 4.6 -72% 56.3 26.42 -53% 
150 23.8 5.3 -78% 46 25.42 -45% 
200 25.5 6.44 -75% 54 32.94 -39% 












Model calculated on OriginLab 2018 with non-linear fit tool. 
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Figure B.7 Depth profiling analysis of Ti 2p spectra for as-sputtered Ti-TiN films 




Table B.4 Model for Ti 2p XPS High Resolution spectra with peak assignment and 
relative position and FWHM. 







Ti (IV) 458.8 0.1 1.2 0.1 
TiNxOy/ 
satellite 
456.9 0.1 1.9 0.1 
Ti (0) 453.6 0.1 0.6 0.1 
Ti-N 454.9 0.1 2.4 0.2 
Ti 2p 1/2 






 eV eV eV eV 
Ti (IV) 464.5 0.1 2.1 0.1 
TiNxOy/ 
satellite 
462.7 0.1 2 0.1 
Ti (0) 459.6 0.1 0.7 0.1 
Ti-N 460.6 0.1 2.2 0.1 
 
The attribution of the Ti-NxOy in the presence of Ti-N bonds typical of titanium 
nitride is controversial, as there is a potential overlapping with a shake-up satellite 
peak associated with the nitride. [532, 550] For the purpose of this study, however, 
the variation of the integrated peak area has been evaluated only qualitatively and 





Figure B.8 Ti 2p High Resolution spectra for series of as-sputtered Ti-TiN films at different N concentration. Fitted curves: ▬ Ti (IV), 






Figure B.9 Variation of Ti-N bonds and Ti (0) chemical state in Ti 2p spectra for 











Ti (0) TiN 
0     
6.2 60.7 12.0 20.4 6.9 
16.7 60.5 10.7 19.6 9.2 
23.8 55.9 12.2 17.7 14.2 
25.5 55.0 11.4 16.4 17.2 






Figure B.10 Depth profiling analysis of Ti 2p spectra for anodized TiO2-N films at 




Table B.6 Fitting of N 1s High Resolution XPS spectra and peak assignment, with 
relative position and FWHM. 
N 1s 






 eV eV eV eV 
Ti-NxOy 396.2 0.1 1 0.1 
Ti-N 397.2 0.2 0.8 0.1 
Ti-O-N 399 0.1 2.6 0.2 






Figure B.11 XPS depth profile analysis of N 1s for as-sputtered Ti-TiN films at 





Figure B.12 High Resolution spectra of N 1s corresponding to as-sputtered Ti-TiN film surface at different N at % concentration. N 1s spectra 




Figure B.13 High Resolution spectra of N 1s corresponding to as-sputtered Ti-TiN film core at different N at % concentration. N 1s spectra was 






Figure B.14 Variation of Ti-N and Ti-NxOy species calculated from the N 1s 






Figure B.15 XPS depth profile analysis of N 1s for anodized TiO2-N substrates at 







Figure B.16 High Resolution spectra of N 1s corresponding to TiO2-N substrate surface at different N at % concentration. N 1s spectra was fitted 





Figure B.17 High Resolution spectra of N 1s corresponding to TiO2-N substrate core at different N at % concentration. N 1s spectra was fitted as 
follows: ▬ Ti-N, ▬ Ti-O-N, ▬ Ti-NxOy, ▬ NOx. 
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Table B.7 Calculation of kinetic constants resulting from methylene blue degradation under 320-480 light filter. 
N content k zero-order 
Standard 
Deviation 
R2 Kinetic Ratio k first-order 
Standard 
Deviation 
R2 Kinetic Ratio 
at% 10-3 mol/min 10-3 mol/min   10-3 min-1 10-3 min-1   
0 2.5 4.90E-02 0.99 1 3.43 0.18 0.98 1 
4.1 3.43 3.70E-01 0.82 1.4 9.13 0.35 0.99 2.7 
4.6 3.14 2.20E-01 0.95 1.2 6.79 0.13 0.99 2 
5.3 3.24 2.50E-01 0.93 1.3 7.72 0.54 0.96 2.3 
6.4 3.13 1.20E-01 0.99 1.2 7.55 0.66 0.94 2.2 




Figure B.18 XPS spectra of as-annealed TiO2 substrate presenting 4 at% of Ti 




Table B.8 Calculation of kinetic constants resulting from methylene blue degradation under 400-500 light filter. 
N content k 0 order 
Standard 
Deviation 
R2 Kinetic Ratio k 1 order 
Standard 
Deviation 
R2 Kinetic Ratio 
at% 10-3 mol/min 10-3 mol/min   10-3 min-1 10-3 min-1   
0 0.58 0.04 0.99 1.0 0.63 0.04 0.96 1.0 
4.1 1.90 0.06 0.99 3.3 1.49 0.02 0.96 2.4 
4.6 0.79 0.05 0.99 1.4 0.09 0.05 0.97 0.1 
5.3 0.61 0.04 0.99 1.0 0.66 0.04 0.97 1.0 
6.4 0.77 0.03 0.99 1.3 0.88 0.05 0.98 1.4 
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Figure C.1 SEM micrographs of as deposited Pd nanoparticles and film over TiO2 
substrates at different ALD cycles: annealed TiO2, 50 cycles, 100 cycles, 250 





Figure C.2 Feret and Diameter distribution of pore apertures upon ALD treatments: 
as-annealed TiO2 (A) and (B), 50 cycles (C) and (D), 100 cycles (E) and (F), 250 




Table C.1 Comparison between TiO2 nanotube geometrical parameters calculated on SEM micrographs and by SAXS knee fitting at low q range. 
 Outer Diameter Inner Diameter 2xWall Thickness 






























Figure C.3 (A): SAXS scattering patterns of Pd-TiO2 nanotubes at different Pd 
deposition cycles, (B) interpretation of TiO2 nanotube morphology compared to SEM 
micrograph of TiO2 nanotubes (C). (E) Interpretation and comparison of SAXS 
scattering knees upon computational modelling and SEM graphical evaluation for TiO2 

















 nm nm nm nm  
TiO2 0 -- 0 --  
Pd-50 cycles 5.1 0.6 4.6 1.4 9% 
Pd-100 cycles 7.6 0.5 7.9 1.2 -4% 




Figure C.4 Ellipsometric study of Pd ALD deposition for 50, 100 and 250 deposition 





Figure C.5 XPS survey spectra at different Pd ALD deposition treatments, pure TiO2, 





Figure C.6 XPS analysis of Ti elemental state conducted via XPS at different ALD 
deposition cycles, (A) TiO2 reference, (B) 50 cycles, (C) 100 cycles and (E) 250 cycles. 







Figure C.7. (A) Photocurrent density calculated for annealed TiO2 nanotubes and Pd-
TiO2 junctions containing 2.7, 14.1, 18.2 at% Pd corresponding to 50, 100 and 250 
deposition cycles, respectively. (B) correlation between photocurrent density and Pd-
TiO2 morphology in terms of Pd particle size and thickness. 
It can be observed that the TiO2 nanotubes showed the presence of photogenerated 
current although the calculated band-gap and absorbance profile did not present the 
evidence of visible light activity. This phenomenon has been registered across different 
studies [461, 626], and can be attributed to the presence of small carbon contaminants 
from the anodization solution [627] or the occurrence of some defects, such as TiO2 









Table C.3 Degradation of MB over different Pd-TiO2 catalysts, data reported from the literature 

















365 nm filter 
Visible light 
filter 













n/a 50% in 1h [630] 
TiO2 
nanoparticles 










Sol-gel Yeosin Yellow none 
Visible light 
filter 
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